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variety of novel forms of topological quantum matter. This includes Kitaev materials
— a family of spin-orbit assisted Mott insulators, in which local, spin-orbit entangled
j = 1/2 moments form that are subject to dominant bond-directional Ising exchange
interactions. On a conceptual level, Kitaev materials attract much interest for their
Keywords: potential for unconventional forms of magnetism, such as spin liquid physics in two-
Spin-orbit entangled Mott insulators and three-dimensional lattice geometries or the formation of non-trivial spin textures.
Kitaev model Experimentally, a number of Kitaev materials have been synthesized, which includes the
Spin liquids honeycomb materials Na,IrOs, «-Li,[rOs, HsLilr,Og, and, most prominently, «-RuCls, the
triangular materials Baslr,Tiz_4Og, as well as the three-dimensional hyper-honeycomb
and stripy-honeycomb materials B-Li,IrO3 and y-Li;IrO3;. We provide a short review
of the current status of the theoretical and experimental exploration of these Kitaev
materials.
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1. Spin-orbit entangled Mott insulators

Transition-metal oxides with partially filled 4d and 5d shells exhibit an intricate interplay of electronic, spin, and
orbital degrees of freedom arising from a largely accidental balance of electronic correlations, spin-orbit entanglement,
and crystal-field effects [1]. With different materials exhibiting slight tilts towards one of the three effects, a remarkably
broad variety of novel forms of quantum matter can be explored. On the theoretical side, topology is found to play a
crucial role in these systems — an observation which, in the weakly correlated regime, has lead to the discovery of the
topological band insulator [2,3] and subsequently its metallic cousin, the Weyl semi-metal [4,5]. Upon increasing electronic
correlations, Mott insulators with unusual local moments such as spin-orbit entangled degrees of freedom can form
and whose collective behavior gives rise to unconventional types of magnetism including the formation of quadrupolar
correlations, topological magnons or the emergence of so-called spin liquid states. A rough guide to these novel types of
quantum matter, currently widely explored in materials with substantial spin-orbit coupling, is given by the general phase
diagram of Fig. 1, adapted from an early review [6] of this rapidly evolving field at the current forefront of condensed
matter physics.

Our focus here will be on the particularly intriguing scenario of the formation of novel types of Mott insulators in which
the local moments are spin-orbit entangled j = 1/2 Kramers doublets [7-9]. The latter are typically formed for ions in a
d” electronic configuration - a vast family of such d° materials exist that not only includes many iridates with a Ir** (5d°)
valence, but also some Ru-based materials with a Ru* (4d®) valence along with the (extremely toxic) osmates and (so far
largely unexplored) rhenates. The level scheme of such d” ionic systems is illustrated in Fig. 2. With the crystal field (e.g. of
an octahedral oxygen cage) splitting off the two e, levels, this puts the five electrons with a total s = 1/2 magnetic moment
into the t,g orbitals with an effective £ = 1 orbital moment. Strong spin-orbit coupling then results in a system with a
fully filled j = 3/2 band and a half-filled j = 1/2 band. The reduced bandwidth of the latter then allows for the opening
of a Mott gap even for the relatively moderate electronic correlations of the 4d and 5d compounds. This latter point
should again be emphasized. The formation of a Mott insulator in these compounds is per se somewhat counterintuitive
as the larger atomic radii of their 4d and 5d constituents give rise to considerable atomic overlap, which results in a large
electronic bandwidth and thus an effective suppression of the electronic correlations. As such, conventional wisdom has
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Fig. 1. General form of the phase diagram in the presence of electronic correlations and spin-orbit coupling.
Source: Figure adapted from the review [6].
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Fig. 2. Formation of spin-orbit entangled j = 1/2 moments for ions in a d° electronic configuration such as for the iridium valence Ir** or the
ruthenium valence Ru**.

long considered these “heavy” transition metal compounds to generically form metallic states. It is only because of an
enormously enhanced spin-orbit coupling that the effective electronic bandwidth of these materials can be reduced (via
the formation of two separate j = 3/2 and j = 1/2 bands) to a level that the largely suppressed electronic correlations
can still drive the system into a Mott insulating state. These j = 1/2 Mott materials are therefore sometimes referred
to as “spin-orbit assisted Mott insulators” and are located in the proximity of the metal-insulator transition for large
spin-orbit coupling in the general phase diagram of Fig. 1.

The formation of such a j = 1/2 Mott insulator was first observed experimentally in 2008/2009 [10,11] for the
perovskite iridate Sr,IrO4 — a 5d transition-metal oxide which is an isostructural analogue of La,CuQ,, the parent
compound of the cuprate superconductors. Remarkably, its low-temperature physics indeed shares a striking resemblance
to the phenomenology of the cuprate superconductors including the formation of long-range antiferromagnetic order of
the j = 1/2 pseudospins for the undoped material and the emergence of a pseudogap phase and associated Fermi arcs for
electron-doped systems [12-14]. There is an intense ongoing search [15,16] for superconductivity in doped Sr,IrO4 and
other perovskite iridates.

In parallel, much attention has been drawn towards j = 1/2 Mott insulators that exhibit dominant bond-directional
Ising-type exchange interactions and are thought to exhibit unconventional forms of magnetism, such as the emergence
of spin liquids [17,18] or the formation of non-trivial spin textures. We refer to these systems as Kitaev materials. Of
particular interest here are the sister compounds Na,IrO; and «-Li,IrO3 and, most prominently, «-RuCl; that form Mott
insulators, in which local j = 1/2 moments are aligned in (almost decoupled) hexagonal layers. As such they are
perfect candidate materials for a solid-state realization of the Kitaev honeycomb model [19] as envisioned by Jackeli
and Khaliullin in 2009 [9]. More recently, a “second generation” of iridate compounds such as HsLilr,Og, CusLilr,Og,
or CusNalr,0g have come into view, which expand the family of honeycomb-based Kitaev materials. Over the last
decade, materials synthesis of novel j = 1/2 Mott insulators has been thriving at a remarkable pace and has further
broadened our view on Kitaev materials beyond the original honeycomb structure. As will be outlined in the remainder
of this review, j = 1/2 Mott insulators with strong bond-directional exchange interactions have also been synthesized
with triangular lattice geometries, e.g. in the family of hexagonal perovskites Baslr,Ti3_,Og, with three-dimensional,
tricoordinated lattice generalizations of the honeycomb lattice (dubbed the hyper-honeycomb and stripy-honeycomb)
in polymorphs of a-Li;IrOs, i.e. the iridates -Li;IrO; and y-Li;IrOs, respectively. In addition, theoretical progress has
been made in comprehensively classifying the gapless spin liquid ground states of the three-dimensional, tricoordinated
Kitaev models. It will be the purpose of this review to provide what is hopefully a concise review of the current status of
these Kitaev materials and their conceptual understanding.

Though they do not feature in this review, we should also briefly point out that there is a plethora of fascinating
phenomena also to be found in spin-orbit entangled Mott insulators with j#1/2. For example, there have been theoretical
proposals for realizing non-magnetic states in materials with d' ions and j = 3/2 moments [20], e.g. spin-orbital
liquids [21] and dimer singlet states [22], as well as a platform for realizing SU(4)-symmetric spin-orbital models [23,24].
On the materials side, there have also been potential candidate materials identified, e.g. Ba;BMoOg (B = Y, Lu) [22]
and «-ZrCl; [23]. There have even been theoretical studies suggesting that materials with d* ions and Van Vleck-type
j = 0 moments, which might naively seem like a rather trivial situation, could host excitonic magnetism and emergent
one-dimensional excitations [25]. There is still much to be explored within this wider world of spin-orbit entangled
materials.

1.1. Bond-directional interactions

At the heart of all Kitaev materials are bond-directional Ising-type interactions, i.e. interactions where the exchange
easy axis depends on the spatial orientation of an exchange bond, and which dominate in coupling strength over all other
exchange types. The microscopic origin of such bond-directional interactions in d° transition metal compounds has been
worked out in a pioneering 2005 paper by Khaliullin [7] and later refined to the context of Kitaev-type interactions in the
joint work of Jackeli and Khaliullin [9]. These papers have undoubtedly shaped the formation of what is now a burgeoning
field of experimental and theoretical exploration of Kitaev materials.
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Fig. 3. Illustration of possible geometric orientations of neighboring IrOg octahedra that give rise to different types of (dominant) exchange
interactions between the magnetic moments located on the iridium ion at the center of these octahedra. For the corner-sharing geometry (I)
one finds a dominant symmetric Heisenberg exchange, while for the edge-sharing geometries (II) one finds a dominant bond-directional, Kitaev-type
exchange.

What Khaliullin and Jackeli have realized is that the geometric orientation of neighboring IrOg octahedra plays a crucial
role in determining the microscopic exchange of the magnetic moments located on the iridium ion at the center of these
octahedra. They distinguish two elementary scenarios, which are illustrated (along with an extension) in Fig. 3. First,
for perovskite iridates such as SrIrO4 two neighboring IrOg octahedra share a corner. For the coupling between the two
neighboring iridium ions this means that there is a single Ir-O-Ir exchange path, which is also referred to as 180° bond.
The dominant coupling along this type of bond is - despite the presence of a strong spin-orbit coupling - a symmetric
Heisenberg exchange between the spin-orbit entangled j = 1/2 moments. The second scenario plays out in materials
in which two neighboring IrOg octahedra share an edge. Here there are two Ir-O-Ir exchange paths, which exhibit a 90°
bonding geometry. The fact that there are two exchange paths turns out to be crucial, as the two alternative paths lead to
a destructive interference of the symmetric Heisenberg exchange when restricting the coupling to arise exclusively from
the j = 1/2 bands, or alternatively to a significant suppression to some residual Heisenberg exchange when considering
the full multi-orbital model also including the (virtual) j = 3/2 bands. In lieu of the highly suppressed isotropic exchange,
it is a bond-directional coupling, stemming from Hund’s coupling and mediated through the multiplet structure of the
excited levels, that takes center stage and becomes the dominant coupling. The bond-directionality of the coupling arises
since the pair of d-orbitals linked for two neighboring octahedra depends on the type of edge shared at their intersection.
This in turn gives rise to a spatially oriented Ising-type coupling between the spin-orbit entangled j = 1/2 moments
where the magnetic easy-axis is perpendicular to the plane spanned by the two exchange paths [7,9]. The strength of this
bond-directional coupling is given by

8t2Jy

3U2
where t is the effective interorbital hopping mediated by the oxygen ions, Jy is the Hund’s coupling and U the electronic
correlation strength. The two spin-orbit entangled j = 1/2 moments, represented by the usual vectors of SU(2) spin-
1/2 Pauli matrices S; and S,, are ferromagnetically coupled only via a single spin component y = x,y, z. As such the
edge-sharing 90° bond geometry naturally gives rise to a quantum compass model [26], originally introduced by Kugel
and Khomskii for the orbital degrees of freedom in Jahn-Teller systems [27] and realized here for the first time in a truly
magnetic variant. It is precisely this edge-sharing exchange coupling, which has been envisioned [9] to lead to a realization
of Kitaev couplings in the honeycomb iridates Na,IrOs, «-Li,IrOs, H3Lilr,Og, and «-RuCls and which has later also been
found to be realized in the 3D hyper-honeycomb and strip-honeycomb materials B-Li;IrOsand y-Li;IrOs. This second
scenario of edge-sharing exchange can be further expanded by considering octahedral geometries where neighboring
IrOg octahedra do not share an edge, but have two parallel edges as illustrated in the right-most panel of Fig. 3. Following
a similar line of arguments, one also arrives at a destructive interference for the isotropic Heisenberg exchange in this
setting and the emergence of a bond-directional exchange. This latter geometry is realized in triangular Kitaev materials
such as BasIrTiyOg.

Beyond the traditional Jackeli-Khaliullin mechanism discussed above, there have also been more recent proposals to
realize similar Kitaev couplings amongst j = 1/2 spin-orbit entangled moments in materials with a high-spin d’ electron
configuration [28,29], such as in Co?* and Ni**, or with an f! configuration [30,31], such as in Pr**. While the d’-based
proposal also leads to a ferromagnetic Kitaev coupling, the latter f! proposal is expected to generate an antiferromagnetic
coupling. Concerning the d’ proposal, there were also promising candidate materials identified, including the Co-based
Na,Co,TeOg and Na3Co,SbOg [28], both discussed later in Section 2.5. See Ref. [32] for a recent review of such proposals.
Beyond j = 1/2, there has also been a proposal to generate Kitaev couplings amongst effective spin-one moments, with
the necessary ingredients including strong Hund’s coupling between cation e; electrons and strong spin-orbit coupling
for the anion electrons [33]. Proposed candidate materials here include A3Ni,XOg with X = Bi, Sb, and A = Li, Na. Unlike the
Jackeli-Khaliullin mechanism or d’ proposal, this is predicted to generate an antiferromagnetic coupling. Finally, recent
ab-initio calculations have also suggested the possibility of spin-3/2 Kitaev materials [34].

In passing we note that recently also the microscopics of face-sharing octahedra [35] has been discussed, which is
relevant, for instance, to the quantum magnetism of BasAllr,0¢; [36].

S7Sy . (1)

4



S. Trebst and C. Hickey Physics Reports 950 (2022) 1-37

Going beyond these geometry-guided considerations and performing a symmetry analysis of the most generally
allowed microscopic interactions [37,38], one finds that the generic Hamiltonian describing the interactions between
j = 1/2 spin-orbit entangled moments of spin-orbit assisted Mott insulators takes the general form

H= ) JSS+KS/S/ + T (5 +5/s7) . 2)
y —bonds

where the sum runs over nearest-neighbor spins at sites coupled by a bond (i, j) along the y = (x,y, z) direction. The
strength of the isotropic Heisenberg coupling is given by J, and the bond-directional couplings include (i) a Kitaev term of
strength K that couples the component y of the spins along a y-bond and (ii) a symmetric off-diagonal exchange I that
couples the two orthogonal spin components «, 8 L y for a bond along the y = x, y, z direction. The relative strength
and sign of the various couplings can in principle vary from material to material, but a common thread in all Kitaev
materials is that the Kitaev coupling is the dominant exchange coupling, i.e. K > J, I". In the case of non-ideal octahedra,
as occurs in materials with trigonal distortion, there is also a fourth symmetry allowed interaction, I, which couples the
y-component of the spin with the two orthogonal «, 8 L y components for a y-bond [39]. The microscopic model (2),
which is also referred to as the JKI" model, is often simplified to the Heisenberg-Kitaev model (I = 0), which has first
been conceptualized and studied in the context of the honeycomb iridates by Chaloupka, Jackeli, and Khaliullin [40]. We
will return to this model after a discussion of the pure Kitaev model (J, I" = 0) in the next section.

It is useful to note that the microscopic JKI" model (2) can also be recast via an alternate choice of spin quantization
axes [39,41,42]. By performing a spin rotation such that the spin axes align with the crystallographic axes, i.e. the x, y, z
axes lie parallel to the a, b, ¢ crystallographic axes, the Hamiltonian for a y-bond can be rewritten as

Hijey = Jxy (SIS] +S!S]) + 1SS}
+lxx [o) (SISf = SS)) =5, (S1S] +57S])]
— V2Ls[c, (SS7+SISY) +5, (SS7 +5757)]. 3)

where ¢, = cos¢,, s, = sin¢g, and ¢, = 0,27 /3,4mr /3 for the z, x, y bonds. The new parameters are related to the
original parameters, J, K and I", by the following relations

by =1+K/3-T/3, Jzx =K/3+2I'/3
L=]+K/3+2I'/3, .+ =K/3-T/3 4)

This alternate form is more familiar in the context of spin-orbit coupled rare-earth magnets such as YbMgGa0, [43,44] and
the pyrochlore spin ice compounds [45-48]. The underlying physics is of course independent of the choice of convention
but, depending on the material and the values of its various exchange couplings, it may be possible to gain additional
insight or intuition by casting the Hamiltonian in this different light [49].

1.2. Kitaev model

The pure Kitaev model, which couples SU(2) spin-1/2 degrees of freedom with bond-directional interactions — Ising-
like couplings with a magnetic easy axis sensitive to the spatial orientation y of the bond (see Figs. 4 and 5 for an
illustration)

Hiiaew = — Y K, S!S/, (5)
y —bonds

is of central interest in condensed matter physics (and beyond). The effect of bond-directional interactions is a strong
exchange frustration arising from the simple fact that these interactions cannot be simultaneously minimized, as
illustrated in Fig. 4. Like geometric frustration, its more widely known counterpart that arises when the lattice geometry
gives rise to constraints that cannot be simultaneously satisfied, the effect of exchange frustration is to inhibit magnetic
ordering and give rise to a residual ground-state entropy. This is true already on the classical level. For instance, the
classical Kitaev honeycomb model does not exhibit a finite-temperature phase transition [50,51], but undergoes a thermal
crossover to an extensively degenerate Coulomb phase [52] at zero temperature.

The model is of course most famously known for harboring both gapped and gapless quantum spin-liquid ground states.
At the same time, it is one of the rare microscopic models that can be solved exactly, as demonstrated in seminal work [19]
by Alexei Kitaev in 2006. This analytical tractability allows one to precisely describe and track the fractionalization of the
original spin-orbit entangled degrees of freedom S; into a fermionic degree of freedom, a so-called Majorana fermion, and
a Z, gauge field as illustrated in Fig. 5. The flux of the Z, gauge field is locally conserved, rendering the gauge field static. It
is ordered at zero temperature and its elementary vison excitations are found to be massive. This unique situation leads
to, amongst other things, purely nearest-neighbor spin-spin correlations. The Majorana fermions, on the other hand,
remain itinerant and form a gapless state - a Majorana metal - around the point of equal coupling Ky = K, = K. For the
honeycomb lattice, this Majorana metal is a semi-metal with a Dirac cone dispersion (well known from the analogous
calculation of free complex fermions for graphene-like electron systems). If one of the three couplings dominates, the

5
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Fig. 4. Exchange frustration arising from spin-orbit induced bond-directional interactions, i.e. Ising-like couplings where the exchange easy axis
depends on the spatial orientation of an exchange bond. Spins subject to these bond-directional interactions cannot simultaneously minimize all
couplings, which holds both for quantum and classical moments.

system undergoes a phase transition (e.g. for dominant K, coupling along the line K, = K, +-K,,) into a gapped spin liquid.
This latter state exhibits Abelian (Z,) topological order akin to the well-known toric code model [53] and macroscopic
entanglement.

A perturbative calculation reveals that applying a magnetic field along the 111-direction, i.e. coupling the magnetic
field to all three spin components, gaps out the gapless spin liquid into an even more exotic (chiral) spin liquid with
non-Abelian topological order [19]. Note that though the bulk is gapped, on the edge there is a chiral current of Majorana
fermions. The non-Abelian character of the phase is identical to that of a p, + ip, superconductor [54], the Moore-Read
state [55] proposed for the v = 5/2 fractional quantum Hall state, heterostructures of superconductors and topological
band insulators [56] or semiconductors [57], as well as that of a network [58] of Majorana wires [59,60] - all physical
systems, which have gathered considerable interest in the context of proposals for fault-tolerant topological quantum
computation [53,61]. Despite this similarity, the search for Kitaev materials and a solid-state realization of the Kitaev
model is probably less driven by a potential application in quantum computing technologies, but deeply inspired by the
fundamental pursuit of (i) the synthesis of spin liquid materials, (ii) the experimental discovery of Majorana fermions, and
(iii) a direct experimental probe of the underlying (Z,) gauge physics — such experimental evidence for gauge physics
in a condensed-matter context has long been lacking, despite theorists using the concept of Z, gauge theories in the
classical statistical mechanics of nematics [62] and to capture the physics of fractionalization in quantum many-body
systems [63-65] for decades.

The conceptual understanding of the physics of the Kitaev model has been steadily growing since its initial description
and analytical solution [66,67]. This includes the fundamental role of vacancies [68,69], depletion [70], and impurities [71],

Kz

gapped spin liquid

Kx+Kz+Ky = const

Kx

Kx gapless spin liquid
K Majorana metal
y

Fig. 5. Left: The honeycomb Kitaev model with bond-directional couplings K, K, and K,. The model can be analytically solved by introducing four
flavors of Majorana fermions (indicated by the yellow, blue, green and brown circles) and recombining them into a static Z, gauge field (indicated by
the blue, green and brown ovals) and a remaining itinerant Majorana fermion (yellow circle). Right: Phase diagram of the Kitaev model plotted for
a plane K, + K, + K, = const. If one of the three couplings dominates, the system forms a gapped spin liquid indicated by the blue shading. Around
the point of isotropic coupling strengths Ky = K, = K, (indicated by the red dot) a gapless spin liquid emerges, which can be best characterized as
a (semi-)metal of the Majorana fermions.
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(a) Ferromagnetic Kitaev coupling (b) Antiferromagnetic Kitaev coupling
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Fig. 6. Phase diagram of the (a) ferromagnetic and (b) antiferromagnetic Kitaev model in a magnetic field. The blue shaded region indicates the
gapped Kitaev spin liquid (with non-Abelian Ising topological order), while the orange region indicates a gapless spin liquid that appears only for

antiferromagnetic couplings.
Source: Figure adapted from Ref. [108].

disorder effects [68,72-75], the physics of the semiclassical limit [76,77], alternative solutions [78-80], and more exotic
phenomena such as the strain-induced formation of Landau levels [81,82] or topological liquid nucleation [83,84] arising
form vortex-vortex interactions in the non-Abelian phase [85]. The emergence of p-wave superconductivity upon doping
has been discussed [86-89]. Theoretical studies of the higher-spin generalizations of the model, which defy an exact
solution, have shed light on the nature of the disordered ground state for the spin-1 [76,90-94] and spin-3/2 [76,95]
models. With an eye towards a material realization of the (pure) Kitaev model several experimental signatures have been
discussed including the dynamical response [96-99], whose distinct spectral gap can be probed via inelastic neutron
scattering (INS) or electron spin resonance (ESR), the inelastic light scattering response (both resonant and non-resonant
Raman scattering) [100-102], the NMR response [98,99,103], the coupling to phonons [104], the thermal transport
behavior [105], as well as the resonant inelastic X-ray scattering (RIXS) response [106,107].

1.3. Field-induced physics in the Kitaev model

The impact of a magnetic field, beyond the perturbative regime originally considered by Kitaev and discussed in the
previous subsection, has only recently been fully explored. In this case, it turns out one must make a distinction between
ferromagnetic (FM) and antiferromagnetic (AFM) Kitaev couplings. In the absence of a field, these two cases share all of
the same relevant physics, and in fact can be mapped one to the other via a four-sublattice spin transformation. However,
in the presence of a field, their behavior is strikingly different.

The FM Kitaev model exhibits a single transition with increasing magnetic field, from the non-Abelian spin liquid phase
to the high-field partially polarized phase at a critical field h. ~ 0.02K [109], independent of the direction of the field as
shown in the left panel of Fig. 6 (assuming a simple magnetic field term of the form — ), h - S;, i.e. neglecting g-factor
anisotropy). Note that the fully polarized state, with a fully saturated magnetization, is not an eigenstate of the model at
any finite field. Rather, at high fields, a trivial partially polarized phase is reached. Interestingly, the critical field for the
FM case is smaller than the zero-field gap for the vison excitations, A, = 0.07K.

On the other hand, in the AFM model, the non-Abelian phase is significantly more stable, surviving up to a critical field
an order of magnitude larger, h ~ 0.3K [108,110-115], as shown in the right panel of Fig. 6. Surprisingly, there then
appears an intermediate phase, between the low-field non-Abelian spin liquid and the high-field partially polarized phase,
e.g. within the region h ~ 0.3-0.6 for a 111-field [111]. Numerical calculations suggest that this phase is not ordered and
harbors gapless excitations [108,114,115], with Fig. 7 showing the energy spectrum, specific heat, and dynamical spin
structure factor from exact diagonalization.!

It has been proposed that the intermediate phase may in fact be a U(1) quantum spin liquid with a neutral Fermi
surface [108,115,117]. Such a sequence of phases can be more easily conceptualized by switching to a more conventional
(complex) fermionic parton picture of the Kitaev model. From such a vantage, the non-Abelian phase corresponds to
a topological superconductor of partons [118]. Increasing magnetic field destroys the superconducting order, liberating
the fermions to form a metallic state via an Anderson-Higgs transition, which simultaneously triggers a change in the
underlying gauge structure from Z, to U(1) [108].

1 One arrives at very similar results when one considers the field-driven physics of the spin-1 version of the AFM Kitaev model [116].
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Fig. 7. Antiferromagnetic Kitaev model in a magnetic field. The three phases as a function of increasing field are the Kitaev spin liquid (KSL), a
gapless spin liquid (GSL) and the partially polarized state (PL). (a) Energy spectrum from exact diagonalization, different markers represent different
momentum sectors. (b) Specific heat calculated using the method of thermal pure quantum states. (c) Total dynamical spin structure factor at the I"
point, S(I'"’, w), with interpretation in terms of the vison/fermion gap overlaid on top. All data is for a 24-site honeycomb cluster with an external
magnetic field tilted 7 /24 away from the [111] direction towards the [110] direction (ensuring that hyzh,#h;).

Source: Figure adapted from Ref. [108].

1.4. Beyond the pure Kitaev model

Going beyond the pure Kitaev model, some effort has been made to explore the full phase diagram of the JKI" model
(2). A comprehensive overview, based on exact diagonalization calculations, is shown in Fig. 8, with the parameterization
J = sinfcos¢, K = sinfsing, and I’ = cos6f. The vast majority of the phase diagram consists of conventional
magnetically ordered states, examples of which are given in Fig. 8(b), with the Kitaev spin liquid restricted to small
pockets around the exactly solvable points.

In particular, considerable attention has been devoted to the Heisenberg-Kitaev model. Its principal phase dia-
gram [119] corresponds to the boundary of each disk in Fig. 8, & = 7/2, and thus ] = cos¢, K = sin¢. Besides
extended spin liquid phases around the pure Kitaev limit (with either ferro- or antiferromagnetic coupling) there are four
magnetically ordered phases. This includes conventional ferromagnetic and Néel ordering around the pure Heisenberg
limits, as well as a stripy and a zig-zag ordered phases. The origin of the latter can be readily understood by a duality [7]
(sometimes referred to as Klein duality [120]) of these phases to the two conventionally ordered ones. In particular, the
Klein duality allows to map the left- and right-hand sides of the circular phase diagram onto one another by the relation

J— -] and K—2]+K, (6)

and a concurrent four-sublattice rotation [7]. This duality thereby connects the ferromagnet to the stripy phase, and the
Néel ordered state to the zig-zag ordered phase (as well as the spin liquid phases onto themselves).

The conceptual understanding of the extended Heisenberg-Kitaev model has been furthered by a discussion of its
finite-temperature physics [121] and dynamical response [122] along with the effects of an applied magnetic field [109],
lattice distortions [51], as well as the inclusion of further neighbor Heisenberg [123] and Kitaev [124] interactions.
The potentially multicritical point at the phase transition between the spin liquid and the magnetically ordered phases
has been investigated both numerically [109] and analytically [125]. The dynamical spin structure factor beyond the
Kitaev limit has recently been discussed [126-128] as have been liquid-liquid transitions upon introducing an additional
Ising coupling [129]. Extensions including charge fluctuations have also been discussed [130]. Finally, a classical variant
of the Heisenberg-Kitaev model has also been explored [51,131,132], including the formation of spin textures in a
magnetic field [133,134]. The formation of topological magnons [135] due to Kitaev interactions in magnetically ordered
regimes, e.g. for strong (ferromagnetic) Heisenberg interactions has been elucidated [136], fueled by recent experimental
observations of topological spin excitations in the spin-orbit coupled material Crl; [137].

In addition to the Heisenberg interaction, the generic Hamiltonian (2) also contains the symmetric off-diagonal
exchange interaction I'. The effects of finite I" can be readily observed in Fig. 8, bringing with it the appearance of 120°
and spiral order, joining the already mentioned ordered phases. However, it is important to note that the region containing
FM Kitaev, K < 0, and AFM I, I" > 0, of particular importance for current materials, is still not fully understood. What
is not apparent from the phase diagrams is that a finite-I" also has the important consequence of breaking some of the
symmetries present in the Kitaev-Heisenberg model, such as two-fold spin rotations.

Besides being an integral part of the full microscopic model for Kitaev materials, the pure off-diagonal exchange
model has proven to be a rich source of interesting physics in its own right. In the classical limit it forms a classical
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Fig. 8. Phase diagram of the JKI" model from exact diagonalization of a 24-site honeycomb cluster. (a) Phase diagram for I > 0. (b)-(f) Classical
configurations of the commensurate magnetic orders that appear. (g) Phase diagram for I" < 0.
Source: Figure adapted from Ref. [37].

spin liquid at zero temperature [138], and features an order-by-disorder driven transition at finite temperature in which
certain plaquette degrees of freedom spontaneously order [139]. In the quantum spin-1/2 limit, there is still debate as
to the true ground state of the model, though a number of numerical studies have suggested that it is a quantum spin
liquid [140-142], potentially related to the spin liquid at the FM Kitaev point [140,141].

Though the spin liquid occupies only a small fraction of the relevant parameter space for Kitaev materials, remnants
of spin liquid physics may still be found at finite temperatures and energies, despite the trivial nature of the ground
state. This is similar to, for example, studies of one dimensional spin chain compounds where dynamical signatures of
fractionalization have been observed at energies larger than the weak interchain coupling, ultimately responsible for the
appearance of 3d long-range order at low temperatures [143-145]. In the context of the Kitaev materials, the scenario in
mind is sketched in Fig. 9. Above the magnetic ordering temperature, a so-called proximate spin liquid regime is entered
(a terminology first introduced in two experimental papers [146,147], which we will discuss below). This proximate spin
liquid regime smoothly connects to the intermediate temperature regime of the pure Kitaev model, described by itinerant
Majorana fermions in a disordered flux background, and separated from the high-temperature trivial paramagnet and the
low-temperature quantum spin liquid via finite temperature crossovers. It is important to note though that there is no
strict definition of proximate spin liquid behavior in the literature, nor is there a sharp transition as one crosses from the
proximate spin liquid regime in Fig. 9 to the featureless paramagnetic region above the magnetically ordered state.

featureless paramagnet
B e %
.................. 2
o [ .. 5
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5 g
o 8
L disordered
IS Kitaev spin liquid
9
proximate Tv
. spin liquid reV
s magnetically
Kitaev spin liquid S ordered state
T
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Fig. 9. Proximate spin-liquid regime in a hypothesized phase diagram of the Kitaev model in the presence of additional non-Kitaev interactions.
In the pure Kitaev model (left), the ordered Z, quantum-spin-liquid ground state is separated from the featureless, high-temperature paramagnet
by a disordered Z, spin liquid (dashed lines denote crossovers). Long-range magnetic order is expected for sufficiently large strength of additional
exchange terms (right). Above the magnetic-ordering transition, an intermediate-temperature regime might persist, in which the system resides in
a “proximate spin-liquid regime”, where it exhibits fingerprints of Kitaev physics up to temperatures at most of the order of the Kitaev coupling K.

9



S. Trebst and C. Hickey Physics Reports 950 (2022) 1-37
2. Honeycomb Kitaev materials

The quest to synthesize and explore Kitaev materials was kick-started in 2009 by the profound theoretical vision of
Jackeli and Khaliullin [9] that laid out in remarkably precise terms what the elementary ingredients (in its literal sense)
for a successful material search strategy are. In particular, they not only explained the microscopic origin of Kitaev-type
bond-directional exchange interactions in certain (edge sharing) 4d® and 5d° transition metal compounds (as reviewed in
the previous section). They also laid out a detailed proposal for a material realization of the honeycomb Kitaev model in
the iridate «-Li;IrO3; and, more generally, iridates of the form A,IrO; with a crystal structure as illustrated in Fig. 10 — a
proposal that was quickly refined [40] to also include Na,IrOs; which, at the time, had already been synthesized [148,149]
and scrutinized as a potential topological insulator [150].

2.1. Na21r03

Na,IrO; was independently synthesized to explore its potential for Kitaev physics in 2009/2010 by the groups of
Takagi [148] and Gegenwart [149]. Since then samples have been grown in a number of labs around the world, including
large single crystals of diameters up to 10 mm in the group of Cao [151]. With samples readily available, numerous
experimental probes have been taken that have revealed that Na,IrO; is indeed a Mott insulator with an insulating
gap of A = 340 meV (opening at around 300 K) measured in optical transmission experiments [152]. Fits of the
magnetic susceptibility confirm the predominant j = 1/2 nature of the local moments indicating magnetic moments
of 1.79(2)up [149,153], rather close to the value of 1.74up expected for spin 1/2 moments, while X-ray absorption
spectroscopy [154] points to a small admixture of j = 1/2 and j = 3/2 states. Resonant inelastic X-ray scattering
(RIXS) [155,156] finds evidence for a trigonal distortion of the IrOg octahedra resulting in a crystal field splitting of the
j = 3/2 states of about 110 meV, which, however, is smaller than the typical strength of the spin-orbit coupling of the
iridates A ~ 400 — —500 meV [157,158].

The system, however, does not exhibit the sought after spin liquid ground state, but is found to magnetically order
at around Ty = 15 K, a temperature significantly below the Curie-Weiss temperature of ®cy = —125 K [153]. The
suppression of the ordering temperature with regard to the Curie-Weiss temperature indicates magnetic frustration
which, quantified by the ratio f = |Ocw|/Ty = 8, is unusually high for a quantum magnet on a bipartite lattice. It has
been rationalized [121,153] to arise from geometric frustration arising from next-nearest neighbor couplings within the
elementary hexagons of the honeycomb structure and is not indicative of a close proximity to the Kitaev spin liquid. The
exact form of the magnetic ordering was subsequently determined to be of zig-zag type by resonant X-ray magnetic
scattering [159] and inelastic neutron scattering [151,160]. The microscopic origin of this zig-zag ordering has been
scrutinized in light of the Heisenberg-Kitaev model [119] supplemented with next-nearest neighbor Heisenberg [153]
and Kitaev [161,162] couplings along with a flurry of ab initio calculations [154,163-165] and, most recently, dynamical
mean-field studies [166].

Probably the best experimental evidence that Na,IrO; should indeed be considered to be the first Kitaev material
to be synthesized comes from diffuse magnetic X-ray scattering [167], which has provided a direct experimental
observation of bond-directional exchange and a dominant Kitaev coupling. This is clearly seen in Fig. 11, where the
individual components of the equal-time spin structure factor were extracted above the magnetic ordering temperature.
Resonant inelastic X-ray scattering (RIXS) measurements suggest that short-range spin-spin correlations persist to high
temperatures, far above Ty, a potential sign for a proximate spin liquid regime [168,169].

Several ideas have been put forward to bring Na,IrOs closer to the Kitaev spin liquid regime, such as the making of
thin films [170] or heterostructures [171], but probably the most practical scheme has been to replace the Na atoms by
the smaller Li atoms and instead explore the physics of Li;IrOs.
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Fig. 10. Crystal structure of the honeycomb Kitaev materials A;IrO3 such as Na,IrO3 and «-LiyIrOs.
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Fig. 11. Diffuse magnetic X-ray scattering on Na,IrO; at T = 17 K, above the magnetic ordering temperature. (a) Intensity plots within the honeycomb
planes for a range of angles ¥ between the a-axis and the scattering plane. Dashed hexagon corresponds to the first Brillouin zone. (b) Extracted
equal-time spin-spin correlations S,, and (c) their sum. Clear evidence for locking between certain spin components and certain crystallographic
directions, emblematic of bond-directional interactions.

Source: Reproduced from Ref. [167].

2.2. a-Li21r03

The exploration of Li;IrO5; as a candidate Kitaev material has indeed lent further impetus to the field. Probably the
biggest surprise came when its synthesis lead to the discovery of several polymorphs [153,172,173] which have been
dubbed «-Li,Ir0Os, B-LiyIr0Os, and y-Li;IrO5 in the sequence of their discovery. Only «-LiyIrOs is isostructural to Na,IrOs
and exhibits iridium honeycomb layers (as depicted in Fig. 10), while the other two polymorphs, 8-Li;IrO5 and y-LiyIrOs,
have been found to exhibit three-dimensional, tricoordinated networks of the iridium ions. We will discuss the latter in
the context of three-dimensional Kitaev materials below.

The first high-quality samples of «-Li;IrO3; have been synthesized by the Gegenwart group [153] in 2012. Magnetic
susceptibility fits reveal magnetic moment of 1.83(5)up, a value slightly larger than expected for spin-1/2 degrees of
freedom [153]. Like its sister compound Na,IrOs, @-Li;IrO; undergoes a magnetic ordering transition at Ty = 15 K with a
Curie-Weiss temperature of ® = —33 K. Thin films of Li;IrO; created by pulsed laser deposition on ZrO,:Y (001) single
crystalline substrates reveal [174] a small optical gap of 300 meV indicative of a Mott gap of similar size as in its sister
compound Na;IrOs.

The further experimental analysis of «a-Li;IrO3 has been largely hampered by the fact that (in contrast to Na,IrOs) it
has remained extremely challenging to synthesize bulk single crystals — an essential ingredient e.g. for neutron scattering
studies, in particular to compensate for the large neutron absorption cross-section of the iridium ions. The early powder
samples were found to exhibit single crystalline ordering only on length scales smaller than 10 wm. Recent experimental
progress, however, has pushed this boundary to about a millimeter [175]. These single crystals have been sufficiently
large to allow resonant magnetic X-ray diffraction combined with powder magnetic neutron diffraction to reveal an
incommensurate magnetic ordering where the magnetic moments in iridium honeycomb layers are counter-rotating
on nearest-neighbor sites [176], as shown in Fig. 12(c). Prior to its experimental observation a number of theoretical
proposals [37,42,177,178] for spiral or other forms of incommensurate magnetic ordering in this honeycomb material
have been put forward, none of which envisioned counter-rotating spirals. However, a very similar magnetic ordering is
observed in the three-dimensional B-Li;IrO3 and y-Li,IrO3 polymorphs where subsequent theoretical analysis has lead to
a unifying theory [179-181] of counter-rotating spiral magnetism in all three compounds. The minimal model to explain
the occurrence of counter-rotating spirals appears to be a Kitaev model supplemented with small Heisenberg and Ising
interactions [176] with theoretical estimates indicating that the Kitaev interaction might be up to a factor of 20 larger
than the Heisenberg exchange [179,181].

Taking a step back, a-Li;IrO; remains somewhat less explored than its sister compound Na,IrOs3; despite its more
unconventional magnetism, whose origin in a vastly enhanced Kitaev coupling puts «-Li;IrO3; probably much closer to
the sought-after Kitaev spin liquid than Na,IrOs. This leads to the tempting observation that replacing the Na atoms by
Li atoms indeed pushed the system closer to the Kitaev regime and that the next logical step would be to replace Li by
an even smaller atom, i.e. hydrogen. While this has been a small step for a theorist to contemplate, taking such a step
in the lab amounts to a big leap for material synthesis. But it is precisely this leap which the Takagi group has taken
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Fig. 12. Magnetic structure of «-Li;IrOs. (a) Schematic of the honeycomb lattice reciprocal plane with filled circles, diamonds, and magenta crosses
indicating positions of structural peaks, measured magnetic peaks, and the absence of peaks, respectively. (b) Scan across reciprocal space with
structural and magnetic peaks clearly visible. The solid (red) line is the calculated magnetic scattering intensity for the structure shown in (d). (c)
Positions of the magnetic Bragg peaks found in LiIrO; and those expected for other potential magnetic orders. (d) Classical spin configuration for
the spiral magnetic structure found in «-Li,IrOs.

Source: Reproduced from Ref. [176].

by successfully synthesizing HsLilr,O0g, which we will discuss with some other “second-generation” Kitaev materials in
Section 2.4 below.

2.3. a-RuCls

In parallel, another material has taken center stage in the search for Kitaev materials — the 4d compound «-RuCls.
The material consists of very weakly bounded layers of edge-sharing RuClg octahedra (of almost perfect cubic symmetry)
with the central Ru*>* (4d”) ions forming an almost ideal honeycomb lattice. Originally thought to be a conventional
semiconductor in early 1970’s transport measurements [182], spectroscopic measurements in the mid 1990s pointed
towards the formation of a Mott insulator [183]. It was only in 2014 that the group of Young-June Kim realized that
«-RuCls is in fact a spin-orbit assisted j = 1/2 Mott insulator [184]. Direct evidence for Mott physics in @-RuCl; comes
from optical spectroscopy [184] measuring an optical gap of 200 meV and angle-resolved photoemission spectroscopy
(ARPES) [185] observing a charge gap of 1.2 eV at temperatures of 200 K. The strength of the spin-orbit coupling
has been determined from optical spectroscopy [186] to be A =~ 100 meV and from neutron scattering experiments
on polycrystalline samples [146] to be A =~ 130 meV, both estimates somewhat smaller than the atomic spin-orbit
coupling A ~ 150 meV for ruthenium [187]. While the strength of the spin-orbit coupling in this 4d compound is thus
considerably smaller than for the heavier 5d iridates, it has been argued on the basis of ab initio calculations [184] that
the ratio of the spin-orbit coupling and the electronic bandwidth is only slightly smaller than in the iridates and still
suffices to induce the formation of spin-orbit entangled j = 1/2 and j = 3/2 bands. The formation of j = 1/2 local
moments is further supported by Curie-Weiss fits [188,189] of the magnetic susceptibility yielding a magnetic moment
of 2.2up (somewhat above the expected value of 1.74up for a spin-1/2) and by angle-resolved photoemission, X-ray
photoemission, and electron energy loss spectroscopy [190,191]. Scanning transmission electron and scanning tunneling
microscopies [192] on exfoliated/cleaved «-RuCl; samples report a Mott gap of 250 meV in the measured density of states,
slightly larger than the value obtained for bulk samples in optical spectroscopy, and a subtle charge ordering pattern
originating from anisotropy in the charge distribution along Ru-Cl-Ru hopping pathways.

In exploring the magnetism of «-RuCls, susceptibility measurements on powder samples [188,189] indicate a Curie-
Weiss temperature of around 23-40 K consistent with single crystal measurements [193] of the in-plane susceptibility
yielding a value of ®cy = 37 K, while the out-of-plane susceptibility reveals a value of ®cw = —150 K. At first two
successive ordering transitions at 7 K and 15 K have been reported, both in specific heat and susceptibility measurements
on powder samples [193] as well as in single crystal inelastic neutron scattering experiments [146], with the higher
transition later attributed to the presence of stacking faults in less pristine samples of «-RuCl; and entirely absent
in high-quality single crystals probed by X-ray diffraction [194] and inelastic neutron scattering [147] experiments.
Below Ty = 7 K pristine «-RuCl; exhibits zig-zag magnetic ordering (similar to that of Na,IrO3;) confirmed in various
experimental probes including neutron [195,196] and X-ray [ 194,197] diffraction experiments, inelastic neutron scattering
on polycrystalline [146] and single crystal [147] samples along with muon spin rotation measurements [198]. The
emergence of zig-zag magnetic ordering in «-RuCls is also consistent with ab initio calculations [197,199-201] and
microscopic calculations for the JKI" model (2) [162] and variations thereof [202]. Estimates of the magnitude of the
Kitaev coupling in «-RuCl; vary considerably, with the majority lying within the range 60-120 K. For example, on the
one hand, a combination of ab-initio calculations and theoretical analysis of the magnon spectrum suggests a coupling of
60 K [203], whereas, on the other hand, fitting to the in-field magnetization suggests a coupling of 120 K [204]. For more
details, see the tables and associated references in Refs. [49,205].
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Fig. 13. Comparison of the Raman scattering data of «-RuCl; with theoretical predictions for the pure Kitaev model. The color represents the
difference in the extracted Raman susceptibility for o-RuCl; with the Raman susceptibility computed for the pure Kitaev model using quantum
Monte Carlo techniques, xs = Xexp — Xomc. The NK region at low temperatures and energies is dominated by non-Kitaev interactions, and shows
poor agreement with the theoretical predictions. At high energies, > 12 meV, the deviation is due to a nearby phonon line and at high temperatures,
> 150 K, the deviation is due to quasi-elastic scattering due to thermal fluctuations. The remaining area, indicated by the blue color, shows good
agreement with the Kitaev model prediction, suggestive of proximate spin liquid behavior.

Source: Figure reproduced from Ref. [206].

2.3.1. Proximate spin liquid behavior

In the absence of a magnetic field, what sets «¢-RuCl; apart from the honeycomb iridates Na,IrO; and «-Li,IrO5 is that
several unusual features above the magnetic ordering transition have been interpreted as arising from close proximity to
a Kitaev spin liquid. Here we want to highlight two such features of this proximate spin liquid regime, found in Raman
scattering and inelastic neutron scattering experiments of «-RuCls.

We start with the Raman scattering experiments by K. Burch and collaborators [186,206,207]. It has been argued that
the observed Raman susceptibility exhibits evidence of fermionic excitations across a broad energy and temperature range.
This is an extraordinary observation, since the excitations of ordinary magnetic insulators, magnons and phonons, obey
bosonic statistics. In the context of Kitaev spin liquids, however, fermionic excitations arise naturally, as one of the defining
aspects of these spin liquids is the fractionalization of the original spin degrees of freedom into a Z, gauge field and a
Majorana fermion. Conventional Raman response, dominated by Fleury-Loudon processes, naturally couples to just the
fermionic degrees of freedom [100]. This should also hold for systems in close proximity to such a Kitaev spin liquid,
which is precisely what they argue to be the case for «-RuCl; [208].

The experimental evidence that is considered in their argument is the temperature dependence of the Raman
susceptibility, Im[x(w, T)] [206]. By measuring both the energy loss and gain intensities the Raman susceptibility can
be extracted, it simply corresponds to the difference between the two. To remove contributions from high temperature
quasi-elastic scattering and phonons they focus on the difference in susceptibility between temperatures T < 150 K
and T = 150 K. The resulting data is found to be well-approximated by Fermi functions with half the scattering
energy, suggesting pairs of fractional fermionic excitations. An analysis of the spectral weight, for a given polarization,
shows similar agreement with the prediction for pairs of fermionic excitations. Fig. 13 shows the difference between
the experimentally determined Raman susceptibility and that obtained via quantum Monte Carlo simulations of the pure
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Fig. 14. Left: False color plot of the inelastic neutron scattering data of w-RuCl; . Two magnetic modes with band centers around E = 4 and 6 meV
are identified. While the lower one is attributed to the concave spin wave dispersion on a zig-zag ordered background (indicated by the white
arrow), the upper feature resembles the broad, non-dispersive high-energy response expected of a Kitaev spin liquid. Right: Analytical calculation
of the dynamical response of the Kitaev spin liquid. Above a low-energy band a broad feature is found that is strongest at Q = 0 and decreases
with increasing Q.

Source: Figures adapted from Ref. [146].
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Fig. 15. Extended zone picture of neutron scattering data of «-RuCl; integrated over the energy window [4.5,7.5] meV and symmetrized along the
(H, H, 0)-direction taken at T = 10 K, i.e. well above the magnetic ordering transition at Ty = 7 K. The star-like feature at the zone center arises from
the interplay of spin wave and spin liquid physics in this temperature regime and can be rationalized within the context of the Heisenberg-Kitaev
model [122].

Source: Figure reproduced from Ref. [147].

Kitaev model. At low temperatures and energies, T < 40 K and E < 6 meV, there is significant deviation while at higher
temperatures and energies there is good agreement suggestive of a proximate spin liquid regime. Taken together, these
are intriguing results — taken at face value, they constitute experimental indication for the emergence of (Majorana)
fermion excitations in a bulk magnetic insulator.

Another experimental feature that strongly supports the idea that «-RuCls is indeed in close proximity to a Kitaev spin
liquid is found in the magnetic scattering observed in inelastic neutron scattering experiments [146,147]. Unlike the Ir
based compounds, Ru is much more amenable to neutron scattering techniques due to its smaller neutron-absorption
cross section, one of the keys to its popularity. While at low energies the scattering is consistent with spin waves
on a zig-zag ordered background, a broad scattering continuum is found at higher energies. It is this continuum that
resembles the broad, non-dispersive high-energy response expected of a Kitaev spin liquid [146]. A comparison of the
experimental neutron scattering data with exact analytical calculations of the dynamical response of the Kitaev model
are given in Fig. 14. At intermediate energy scales there are star-like features (reproduced in Fig. 15 from Ref. [147]),
which arise from the interplay of spin wave and spin liquid physics in this regime. While the dynamical response of the
pure Kitaev model does not show this star-like feature, it can be explained by the small admixture of additional neighbor
correlations as induced, for instance, by the inclusion of a Heisenberg exchange and experimentally observed in optical
spectroscopy [209]. Indeed, recent numerical studies [122] of the dynamical response of the Heisenberg-Kitaev model
have quantitatively reproduced the star-like feature.

It must be noted that alternate explanations for the unusual magnetic excitation spectrum observed by neutron
scattering, which do not rely on spin liquid physics, have also been proposed. Within spin-wave theory, the low symmetry
of the magnetic Hamiltonian for «-RuCls, and indeed any Kitaev material, permits additional interaction and decay
channels not allowed in conventional Heisenberg magnets. This can lead to the destruction of well-defined magnons
throughout much of reciprocal space and the concomitant appearance of continuum like features [49,203].

In total, the mounting experimental data on «-RuCl; in zero-field support the proposal that, although a-RuCls
magnetically orders, it is in such close proximity to a Kitaev spin liquid that remnants of decisive spin-liquid features can
still be probed above the magnetic ordering transition. This includes experimental evidence for fermionic quasiparticles
in Raman scattering [207,208], and a broad magnetic continuum at high energies [ 146] preceded by a star-like feature at
intermediate energies [122,147] above the magnetic ordering transition in inelastic neutron scattering.

2.3.2. Field-driven phenomena

In the presence of an external magnetic field, the magnetic order of «-RuCl; can be destroyed, with a number of
intriguing experimental results in the resulting field-induced phase diagram. The most spectacular of these is the reported
observation of a half-integer quantized thermal Hall effect which, if true, represents a striking feature of the existence of
a chiral Majorana edge mode.

Two potential scenarios for the field-induced phase diagram of «-RuCl; are sketched in Fig. 16. In Fig. 16(a) there is
long-range magnetic order below a critical field B?"O, and a trivial partially polarized state above. The partially polarized
state is gapped, does not spontaneously break any symmetry and does not exhibit a finite temperature phase transition.
It is also sometimes referred to as a “quantum disordered state” or “quantum paramagnet”, in analogy to the trivial high-
field state of the transverse-field Ising model. However, to avoid any confusion with the physics of quantum spin liquids,
we will avoid such terms. In the second potential scenario, sketched in Fig. 16(b), there is a quantum spin liquid between
the low-field magnetic order, ending at BM®, and the high-field trivial state, starting at BE". Distinguishing between these
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Fig. 16. Two possibilities for the phase diagram of «-RuCl; in a magnetic field. In (a), the trivial partially polarized state is immediately entered
once magnetic order is destroyed at BE"O. In (b) there is an intermediate quantum spin liquid state between the magnetic order at low fields and

the partially polarized state at high fields, resulting in an additional quantum phase transition at B¥". In both scenarios, once magnetic order is
destroyed there are no further finite temperature transitions. Finite temperature destroys both the quantum spin liquid and partially polarized state
and smoothly connect to the high-temperature featureless paramagnet. Note that, for simplicity, we neglect transitions within the magnetically
ordered region.

scenarios is difficult as a spin liquid can share many of the same properties as the partially polarized state, e.g. exhibit
partial magnetization, an energy gap, no spontaneous symmetry breaking and no finite temperature phase transition.

Concerning the stability of the ordered state, early magnetic field studies of «-RuCl; revealed that an in-plane magnetic
field of B ~ 8 T was enough to destroy the zigzag magnetic order, as seen for example by tracking the peak in specific
heat [193,197,210-212]. On the other hand, for an out-of-plane field, along the c-axis, the magnetic order was seen to
survive up to 60 T, indicating an enormous anisotropic response of the zigzag ordered state [197]. More recent studies,
at even higher fields, have shown that an out-of-plane field of 70 T is needed to fully destroy the zigzag order, and have
furthermore mapped out the full extent of the zigzag state from purely in-plane to out-of-plane fields [213]. Within the
zigzag ordered region itself, there is in fact a field-driven first-order transition in which the stacking periodicity in the
out-of-plane direction changes, but the in-plane zigzag order remains the same [214].

What precisely happens once the magnetic order is destroyed has been hotly debated, with a wide variety of
experimental probes applied to the region beyond the break-down of magnetic order. So far, the majority of these
studies do not observe evidence for any further transitions, i.e. they observe a single field-induced state within their
accessible field range [211,212,215-224]. Evidence for a gap opening once the transition is crossed has been observed in
specific heat [212,215], thermal conductivity [216-218], electron spin resonance [219], THz spectroscopy [220], Raman
spectroscopy [221,225], NMR [211] and inelastic neutron scattering [222]. On the other hand, there have also been some
studies reporting evidence for gapless excitations in the field-induced state, for example using NMR [226,227]. Added to
this, there have been conflicting descriptions of the observed field-induced state in the literature, with some claiming it
as a field-induced QSL and others the trivial partially polarized state. Recent Raman studies with in-plane fields of up to
30 T have clearly demonstrated that, at least at high fields B > 15 T, «-RuCl; has certainly entered the trivial partially
polarized phase, with a linearly increasing spin gap whose slope approaches the g-factor value expected for the simple
|AS| = 1 spin-flip excitation [221,225]. We note, however, that, despite the apparent trivial nature of the high-field state,
an interesting scale invariant magnetic response has been reported up to very high fields of 64T [213].

The neutron scattering response of the high-field disordered state bears striking similarity to the high-temperature
response at zero-field [222]. The broad magnetic continuum observed at zero-field, above the magnetic ordering
temperature, is qualitatively similar to the response observed at finite field, at low temperatures above the critical field.
This suggests that proximate Kitaev spin liquid behavior may be accessed by destroying the zigzag order either via
temperature or magnetic fields.

The most spectacular experimental results for «-RuCls in field are the thermal Hall measurements of Yuji Matsuda’s
group in Kyoto [228] that claim a half-integer quantized plateau within a field range of B ~ 7-10 T. In particular, for
fields tilted 45° and 60° away from the c-axis, a plateau was reported in «y,/T for fields B ~ 7-10 T and temperatures
T ~ 4—6 K, with the 2-d value, obtained by dividing by the number of honeycomb layers, given by «2!/T = (1/2)(zk/6h),
as shown in Fig. 17. This is a remarkable experiment, not only for its observation of a quantized thermal Hall state but
the actual half-quantization that is reported. For a conventional electronic mode the thermal conductance is quantized in
integer multiples of (7 k2/6h), the quantum of thermal conductance. On the other hand, a half-integer value is evidence for
a Majorana mode (one can think of a Majorana as “half an electron”). It can be directly related to the chiral central charge
that characterizes the conformal field theory description of the edge states. Observation of a clear and robust half-integer
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Fig. 17. Thermal Hall conductivity of «-RuCls in a tilted magnetic field. In the left panel «y, /T is shown as a function of temperature for two fixed
tilted magnetic field configurations. As shown in the inset, it starts to increase below ~40 K, overshooting the 1/2-quantized value and reaching
a maximum at ~ 14 K before decreasing and plateauing at the 1/2-quantized value within a temperature range of 4-6 K. In the right panel the
thermal Hall conductivity as a function of increasing magnetic field, at a fixed angle of 60° away from the c-axis, is shown at fixed temperatures
of (a) 3.7 K, (b) 4.3 K and (c) 4.9 K. The plateau is stable over an extended field and temperature range.

Source: Figure adapted from Ref. [228].

plateau thus serves as smoking-gun evidence for the existence of emergent non-Abelian anyons in the form of Majorana
fermions.?

Follow-up measurements by the Kyoto group have reported that even a purely in-plane magnetic field can support
a half-integer quantized plateau, and that the sign of the signal can be reversed without changing the out-of-plane
component of the field [230] — two traits that do not occur in the usual electronic quantum Hall effect arising from
the formation of Landau levels. Rather, the correct analogy here is to a quantum anomalous Hall insulator, in which the
non-trivial edge states arise due to the topology of the band structure, rather than Landau level physics. The thermal
Hall results are indicative of the scenario sketched in Fig. 16(b) in which an intermediate QSL occurs between low-field
magnetic order and the high-field trivial state.

Despite the spectacular nature and potential far-reaching implications of the thermal Hall results it is important to keep
in mind a number of caveats. At the time of writing, no other experimental group has fully independently reproduced a
robust quantized plateau in «-RuCls. There is also a tremendous sample dependence to the data, and, due to the particulars
of the thermometers used, the measurements were restricted to temperatures T > 4 K, with quantization only observed
in a narrow range T ~ 4-6 K. Observation of a robust quantized plateau, however, is key as the appearance of a non-
quantized thermal Hall conductivity can simply be explained by topological magnon bands in the partially polarized
state [128,231-233].

It should also be pointed out that, apart from the thermal Hall measurements themselves, the scenario in Fig. 16(b),
which the measurements imply, should result in an additional quantum phase transition beyond the zigzag magnetic
order. No clear evidence for such a transition has so far been found. It remains an ongoing puzzle, both for experimentalists
and theorists, to resolve these apparent inconsistencies between the thermal Hall measurements, and the intermediate
QSL state they imply, and a number of other magnetic field studies of «-RuCl; to come to a conclusive picture of the
in-field physics of this particularly intriguing Kitaev material.

On the theoretical side, beautiful conceptual work [234,235] has shown why the thermal Hall conductance of «-
RuCl3 can remain almost perfectly quantized, at least within a certain temperature window, despite the presence of
gapless phonon modes in the bulk (which is a striking difference from the electronic quantum Hall states whose bulk
is fully gapped). There have also been theoretical studies exploring the non-quantized thermal Hall effect that can arise
from topological magnons and its field dependence [128,231-233], finite temperature signatures of the quantum phase
transition to the purported spin liquid [236], evolution of the magnetization and spin dynamics in field [201,237], the
dynamics of visons and their potential contribution to the thermal Hall signal [238], and the field-induced behavior in
the classical limit [133,239].

Let us finally mention that also «-RuCls has a polymorph, 8-RuCls, in which face-sharing RuClg octahedra are arranged
in chains. 8-RuCls is found to show no magnetic ordering down to 5 K [188] and awaits further experimental analysis.

2 We note in passing, that in the same volume of Nature that reported the half-quantized thermal Hall effect reported by Matsuda’s group for
the Kitaev material «-RuCls, there was also the report of Heiblum’s group at the Weizmann Institute observing a half-quantized thermal Hall effect
in the v = 5/2 quantum Hall state [229].
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Fig. 18. Structural and magnetic properties of HsLilr,Og. (a)-(c) show the structure of the edge-shared network of IrOg octahedra within the planes,
the stacking of LiIrOs, and HsLilr,Og respectively. (d) is the magnetic susceptibility at 1 T, with its inverse given in the inset. (e) is the specific
heat as a function of temperature, with C/T against T? in the inset. Neither measurement displays any signatures of a phase transition, down to a
temperature of 0.05 K.

Source: Figure reproduced from Ref. [240].

2.4. Second-generation Kitaev materials

Over the last three years a “second-generation” of Kitaev materials has seen the light of day by modifying the alkali
atoms of a-A,Ir0Os. Starting from Li,IrOs, the interlayer Li* ions can be replaced by either H, Ag or Cu, using a soft-chemical
ion-exchange reaction, to create HsLilr,Og [240], AgsLilr,Og [241] and CusLilr,Og [242]. On the other hand, starting from
Na,IrOs, it is possible to fully replace the Na* ions with Cu* to create Cu,IrO; [243], or to replace just the interlayer ions
to form CuzNalr,0g [242]. All of these materials share a similar structural motif, with the same IrOg honeycomb planes as
their parent compounds, but connected by linear O-A-O dumbbells (A = H, Ag or Cu). They also share a similar propensity
to disorder, which has added a new dimension of complexity to the realm of Kitaev materials and spurred a number of
theoretical studies on disorder in the Kitaev model. So far, these materials only exist in polycrystalline form, with single
crystal studies still to be carried out.

2.4.1. HslLilr,0g, Ag3LiIr206and CusLilr,Og

By successfully replacing the interlayer Li* ions of a-Li,IrO; with H™ ions, the group of Takagi synthesized powder
samples of a new layered honeycomb iridate, H;Lilr,Og, in 2018 [240]. This hydrogen intercalated compound shares the
same Lilr,0g honeycomb planes as a-Li,IrO5 but has a reduced interlayer spacing, from 5.12 A to 4.87 A, due to the smaller
ionic radius of H*. Measurements of the resistivity confirm that the material is an insulator, with an activation gap of
0.12 eV, and the magnetic susceptibility exhibits Curie-Weiss behavior, with effective magnetic moments of 1.60up per
Ir atom (very close to the ideal spin-1/2 value of 1.73u;p). X-ray diffraction studies indicate the presence of substantial
stacking faults between the planes [240,244].

Unlike Na,IrO; and «-Li;IrOs; and its polymorphs, no evidence of magnetic ordering is seen down to 50 mK, despite a
Curie-Weiss temperature of —105 K. There are no anomalies present in either specific heat nor magnetic susceptibility,
as seen in Fig. 18, and both “Li and "H NMR spectra exhibit no significant broadening down to 1 K. There are indications
of low-energy excitations present, from the weak power-law behavior of the low-temperature specific heat C/T ~ T~1/2
as well as the NMR spin relaxation rate T, ! However, these excitations account for a small fraction of the total entropy
of the system, only 1-2% of kgIn2 [240]. Nevertheless, taken together, these are tantalizing indicators that this material
may lie closer to the idealized Kitaev model and may even realize a quantum spin liquid ground state.

However, the material is expected to exhibit a significant amount of disorder. Alongside the stacking faults previously
mentioned, there is also predicted to be significant disorder associated with the positions of the interlayer H' ions, due
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to their low mass [245-247]. The interlayer O-H-0 bonds can form a double-well potential for the H ion. A dielectric
spectroscopy study indicates that at high temperatures the H ion exhibits thermally activated hopping between the two
well minima, while at low temperatures it exhibits quantum mechanical tunneling between the minima. However, the
observed low temperature time scale for tunneling is rather high, compared to magnetic time scales, in the region of
1-100 s. Thus the magnetic system effectively experiences static disorder in the positions of the interlayer H ions [248]. A
related deuterated compound, D3Lilr, Og, was examined in the same study and was found to have an even longer tunneling
time scale, consistent with the larger mass of the D ion [248]. Ab-initio studies suggest that the magnetic interactions are
highly sensitive to the location of the interlayer H' ions, and that the Kitaev interaction may be boosted [245-247]. The
physics of HsLilr,0g may thus be closer to that of a bond-disordered Kitaev model, as opposed to the idealized, clean case
considered by Kitaev. Indeed, a theoretical study of such a bond-disordered model seems to capture much of the relevant
physics [249,250]. Decisively disentangling the role of disorder and true spin liquid physics remains a challenge.

The related compound AgsLilr,O0g also shows promising signatures of potential spin liquid physics [251]. In this case,
the interlayer Li* is replaced by Ag™' cations, leading to a significant 30% enhancement of the interlayer spacing [241].
Again, unlike its parent compound Li,IrO3 there is no 15 K peak in magnetic susceptibility to indicate a transition to long-
range magnetic order, despite a similar magnetic moment and a larger Curie-Weiss temperature of —142 K. Measurements
of the ac magnetic susceptibility obey the scaling form expected in the presence of random singlets, suggesting either a
valence-bond or spin liquid state. The magnetic specific heat, obtained by subtracting the contribution from Ag3LiSn,Og,
exhibits a two-step structure, with an extremely broad hump centered at ~ 75 K followed by a peak at 13 K [251]. This
kind of two-step behavior is consistent with expectations for the pure Kitaev model.

It has been suggested, based on ab-initio calculations, that the absence of order can be attributed to a finite weight of
Ag 4d orbitals at the Fermi level. This leads to an enhancement of the Kitaev coupling due to stronger spin-orbit coupling
mediated via the O-Ag-0 bonds between the layers [251]. It is also important to note that, similar to HsLilr,Og, there are
significant stacking faults present in the material, with a recent X-ray study suggesting the stacking is almost completely
random from one plane to the next [252].

Finally, CusLilr,Og has been realized by replacing the interlayer Li* ions with non-magnetic d'° Cu* cations [242].
Like its parent compound, magnetic susceptibility measurements point towards a magnetic transition at 15 K and a
Curie-Weiss fit indicates it shares an almost identical value for the magnetic moment. However, it has a much larger
Curie-Weiss temperature of —145 K, as compared to —61 K for Li,IrOs. This indicates an enhanced frustration parameter,
i.e. a larger ratio of the Curie-Weiss temperature to the ordering temperature [242]. There is still much to be explored
regarding the physics of this compound.

2.4.2. CuyIrOs and CusNalr,0g

In 2017, the Tafti group was able to successfully substitute Cu™ ions into the Na* sites of Na,IrOs, resulting in the first
synthesis of Cu,IrO3; [243]. The new compound has the same space group as Na,IrO; but with an increased interlayer
spacing and bond angles that are closer to the ideal 120° honeycomb geometry. Above 30 K, it also exhibits a nearly
identical magnetic susceptibility, with a similar Curie-Weiss temperature and magnetic moment.

Unlike Na,IrO; it does not exhibit signatures of long-range magnetic order at low temperatures. Rather, there
is evidence for only short-range correlations with specific heat exhibiting a broad hump [243,253], ©SR measure-
ments indicating persistent spin dynamics and concomitant absence of bulk static magnetism [253,254], and nuclear
quadrupole/magnetic resonance measurements suggesting a paramagnetic state with activated behavior for 1/T; [255].
A recent Raman study has also observed an anomalous shift and broadening of the Raman active phonons, which they
attribute to phonon decay into itinerant Majorana modes [256].

However, there are reported issues of disorder that prevent a clear attribution of the lack of long-range order to spin
liquid physics. A significant fraction of the Cu ions within the honeycomb planes are Cu?*, rather than the desired Cut,
which can result in the nearby Ir ions becoming nonmagnetic Ir** [254]. This means that a significant fraction of the
honeycomb lattice sites are nonmagnetic, rather than j = 1/2, and that there are also additional magnetic S = 1/2
Cu?* spins within the planes, see Fig. 19. The resulting combination of site dilution and bond disorder complicates the
interpretation of the experimental data in terms of the physics of the pure Kitaev model.

Finally, we note that it has also been possible to grow CusNalr,Og [242]. This compound can be synthesized via an
ion exchange reaction in which the interlayer Na%t ions are replaced by non-magnetic d'® Cu™ cations, just as in the case
of CusLilr,Og but with Na,IrO3 as the parent compound. The high-temperature portion of the magnetic susceptibility
is almost identical to Na,IrOs, resulting in a similar Curie-Weiss temperature and magnetic moment. However, at low
temperatures, there is a dramatic difference, with a strong enhancement and peak at 10 K indicative of a magnetic
transition. On the other hand, specific heat does not exhibit any sharp features down to 2 K. No new magnetic Bragg
reflections can be seen at 5 K, as compared to 295 K. This would seem to suggest a spin glass ground state, yet ac
susceptibility measurements do not exhibit the expected behavior for a spin-glass transition [242]. The true nature of
the 10 K transition and the ground state physics remains to be resolved.
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Fig. 19. Disorder in Cu,IrOs. (a) Crystal structure. (b) Schematic of the Cu disorder, with Cu*/Ir** site disorder and appearance of Cu®*, resulting
in magnetic Cu?* state in the centers of the hexagon and nearby nonmagnetic Ir>* on the honeycomb lattice.
Source: Reproduced from Ref. [253].

2.5. Other materials

So far, the honeycomb Kitaev materials that have been discussed all fall under the Jackeli-Khaliullin mechanism,
outlined in Section 1.1. However, as was briefly noted in that same section, there have recently been alternative
proposals for generating Kitaev interactions amongst spin-orbit entangled j = 1/2 moments. The Co-based compounds
Na,Co,TeOg [257,258] and Na3Co,SbOg [257] have both received attention recently as Kitaev material candidates based
onj = 1/2 moments forming from the d’ configuration of the Co?* ions [28]. Both materials exhibit zigzag magnetic order
at low temperatures, with Ty &~ 27 K [145,259] and 8 K [260] respectively. Inelastic neutron scattering measurements
of their magnetic excitation spectrum seem to fit well with the predictions of a magnetic Hamiltonian that includes
dominant Kitaev exchange interactions [261,262], though this is still under debate. Application of a magnetic field to
Na;Co,TeOg hints at a field-induced disordered state that could potentially harbor spin liquid physics [263,264]. Though
a clear connection to Kitaev physics remains to be fully explored, both compounds represent promising examples of a
new set of Kitaev materials beyond the d°> based compounds focused on so far.

3. Three-dimensional honeycomb Kitaev materials

The exploration of three-dimensional Kitaev materials was kick-started with the independent, but almost concurrent
synthesis of two LiIrO; polymorphs in 2013 - S-Li;IrO; in Takagi’s group [172] and y-Li,IrO3 in the group of Ana-
lytis [173]. Both polymorphs realize truly three-dimensional, but still tricoordinated sublattices of the iridium 5d° ions,
dubbed the hyper-honeycomb and stripy-honeycomb, respectively. As such, these compounds are candidate materials for
the realization of three-dimensional Kitaev physics, which we will briefly review in the following before returning to the
materials.

3.1. Conceptual overview

On a conceptual level, it has been realized early on that the original honeycomb Kitaev model [19] can be generalized
to other lattice structures and retain its analytical tractability if one preserves one essential feature of the honeycomb
lattice — the tricoordination of its vertices. This idea has been exploited, for instance, by Yao and Kivelson [265] in
designing a decorated honeycomb lattice for which the Kitaev model exhibits a chiral spin liquid — a distinct gapped
spin liquid originally proposed by Kalmeyer and Laughlin in 1987 [266] as a bosonic analogue of the fractional quantum
Hall effect.> The potential for three-dimensional generalizations of the Kitaev model® has first been explored by Mandal
and Surendran [274] by considering a site-depleted cubic lattice, a tricoordinated lattice structure which turns out to be
isomorphic to the hyper-honeycomb lattice later identified in the context of the iridium sublattice in B-Li,IrOs. This
first three-dimensional generalization of a Kitaev model illustrates that much of the physics of the two-dimensional
honeycomb Kitaev models carries over to higher dimensions: The original spin degrees of freedom again fractionalize
into Majorana fermions coupled to a Z, gauge field. As in the two-dimensional case, the gauge field remains static,
which again allows to analytically track the model by (i) solving a basically classical problem identifying the ground
state of the Z, gauge field and (ii) subsequently diagonalizing a free fermion Hamiltonian describing the physics of the

3 Microscopic realizations of this long sought-after spin liquid in SU(2) invariant quantum magnets have more recently been established in certain
kagome systems [267-270].

4 Alternative approaches to generalize the Kitaev model to three spatial dimensions also include higher spin generalizations such as a spin-3/2
Kitaev-type model on the diamond lattice [271] as well as initial work [272,273] identifying spin-1/2 Kitaev models on certain three-dimensional,
tricoordinated helix lattices.
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Table 1

Overview of tricoordinated lattices in two and three spatial dimensions. Each lattice is described by its Schlifli symbol (p, c) identifying the length
of the elementary loops (or polygonality) p and tricoordination (c = 3). Along with alternative names used in the literature (second column) some
basic lattice information is provided: the number of sites in the unit cell (third column), lattice symmetries (fourth and fifth column) and its space
group information (last two columns).

Lattice Alternate Sites in Inversion Non Space group

names unit cell symmetry symmorphic Symbol No.
(10,3)a hyperoctagon 4 chiral v 14,32 214
(10,3)b hyperhoneycomb 4 v v Fddd 70
(10,3)c 6 chiral v P3;12 151
(10,3)d 8 v v Pnna 52
(9,3)a hypernonagon 12 v - R3m 166
(8,3)a 6 chiral v P6,22 180
(8,3)b hyperhexagon 6 v - R3m 166
(8.3)c 8 v v P65/mmc 194
(8,3)n 16 v - [4/mmm 139
(6,3) honeycomb 2 v -

remaining itinerant Majorana fermions (coupled to a fixed gauge field configuration). The result is a gapless spin liquid
whose nodal structure is no longer a pair of Dirac cones (as for the two-dimensional honeycomb model), but in fact a
line of Dirac cones [274]. This result has foreshadowed a more systematic understanding of three-dimensional Kitaev
models [275,276] obtained from a systematic classification of the gapless spin liquids in Kitaev models on the most
elementary tricoordinated lattices in three spatial dimensions.

In fact, tricoordinated lattices in three spatial dimensions have been exhaustively classified by Wells in the 1970s [277].
The most elementary ones are lattice structures where all plaquettes (i.e. shortest loops within the lattice) have the same
length (which is also referred to as the polygonality p of the lattice). While for two spatial dimensions there is only one
such elementary tricoordinated lattice — the honeycomb lattice of polygonality 6, there are multiple elementary lattices of
higher polygonality 8, 9, 10 and higher, which are all three-dimensional. An overview of these elementary tricoordinated
lattices is given in Table 1, where each lattice is labeled by its Schléfli symbol (p, 3) and a letter that simply enumerates
the lattices for a given Schldfli symbol (the 3 indicates its tricoordination). Fig. 20 illustrates these lattice structures
with some of their basic features color-coded (such as the handedness of spirals). For each of these lattice structures
there is precisely one assignment of bond-directional Kitaev-type couplings that respects all symmetries of the lattice (up
to a trivial permutation among the couplings). The so-defined Kitaev models can all be solved analytically® and for all
but one lattice, (8,3)n, the ground state is found to be a gapless spin liquid. This state is best described as a Majorana
metal formed by the itinerant Majorana fermions, while the elementary excitations of the (static) Z, gauge field - the
visons - are gapped. The precise nature of these Majorana (semi)metals turns out to depend on the underlying lattice
geometry and can be captured, e.g. by its nodal manifold [275]. As described for the hyper-honeycomb (corresponding
to the (10,3)b lattice in the above classification) considered by Mandal and Surendran [274], this nodal manifold can be
a nodal line. Other possibilities for the nodal structure include the formation of Majorana Fermi surfaces [279], nodal
chains (in the presence of nonsymmorphic symmetries) [280], or even topologically protected® Weyl nodes [281]. Table 2
provides a complete classification of the Majorana metals of all elementary three-dimensional lattices, which notably
contains multiple examples each for the emergence of Fermi surfaces, nodal lines, or Weyl nodes for the various lattice
structures. For a given lattice, the precise nature of these Majorana metals can in fact be deduced from an elementary
symmetry analysis of the projective time-reversal and inversion symmetries as discussed in detail in Ref. [275]. Going
beyond these most elementary lattices one might consider, for instance, higher harmonics of a given elementary lattice
by systematically enlarging some plaquettes while simultaneously shortening others, see Ref. [173] for further details and
showcasing that the stripy-honeycomb lattice is in fact a higher harmonic of the elementary (10,3)b hyper-honeycomb

5 In all fairness, it should be noted that this is not entirely true in a rigorous sense. While for the two-dimensional honeycomb model the ground
state of the Z, gauge field can be readily inferred from a theorem of Lieb [278], this is not generically true for the three-dimensional lattices. In
fact, only one of the lattices, (8,3)b, strictly allows for the application of the theorem, while for all other lattices one has to resort to alternative
means such as Monte Carlo simulations [276]. Thus, in a more rigorous sense, only the Kitaev model on lattice (8,3)b can be solved exactly.

6 The topological nature of the bulk band structure is also reflected in gapless surface states [275,281,282] such as Fermi arcs for the Weyl spin
liquids.
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Fig. 20. Illustration of the elementary tricoordinated lattices. Recurring geometric motifs such as spirals and zig-zag chains are color-coded. Further
information on these lattices is provided in Table 1.

Table 2

Overview of Majorana metals characterizing the gapless spin liquids in three-dimensional Kitaev models. Depending on the underlying lattice
geometry, different Majorana (semi)metals are formed by the itinerant Majorana fermions, which are characterized here via their nodal structures.
Results for the pure Kitaev model (5) are given in the second column, while the third column provides information on how the metallic nature (and
its nodal structure) changes when time-reversal symmetry (TRS) is broken, e.g. by augmenting the Kitaev model by a magnetic field term (pointing

along the 111-direction). The last column indicates whether the metallic state is susceptible to a spin-Peierls instability [283].

Source: Table adapted from Refs. [275] and [276].

Lattice Majorna Time-reversal Peierls Ground-state Lieb
metal symmetry breaking instability flux sector theorem
(10,3)a Fermi surface Fermi surface v 0 -
(10,3)b nodal line Weyl nodes - 0 -
(10,3)c nodal line Fermi surface - 0 -
(10,3)d nodal chain Weyl nodes - 0 -
(9,3)a Weyl nodes Weyl nodes - +r/2 -
(8,3)a Fermi surface Fermi surface v T -
(8,3)b Weyl nodes Weyl nodes v b4 v
(8,3)c nodal line Weyl nodes - frustrated -
(8,3)n gapped gapped - b4 -
(6,3) Dirac nodes gapped - 0 v

lattice. The classification scheme described above covers all these higher harmonics as well, as the nature of the emergent

Majorana metal remains unchanged going from an elementary lattice to any of its higher harmonics.

7

7 This excludes the limiting case of the “infinite harmonic”, which in fact is a two-dimensional lattice, e.g. the square-octagon lattice for lattice
(10,3)a or the honeycomb lattice for the hyper-honeycomb lattice (10,3)b.
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What does change the nature of the Majorana metal for a given lattice though is the application of a magnetic field
or, more generally, the breaking of time-reversal symmetry. For the two-dimensional honeycomb lattice a particularly
interesting scenario occurs — the Dirac spin liquid gaps out into a massive non-Abelian topological phase when applying
a magnetic field along the 111 direction, i.e. a magnetic field that couples to all three spin components

H=- > K S/S'=) h-s;, (7)

y —bonds j

with h = h(1, 1, 1)". Keeping in mind that the Kitaev model reduces to a free (Majorana) fermion model, this scenario can
be rationalized by considering the classification of topological insulators [284-286] rooted in the symmetry classification
of free-fermion systems [287]. While the unperturbed Kitaev model resides in symmetry class BDI, the model with broken
time-reversal symmetry is in symmetry class D for which the classification scheme of topological insulators indeed points
to the possibility of a topologically non-trivial band insulator in two spatial dimensions. For three spatial dimensions, in
contrast, this scenario of driving the (non-interacting) Majorana metal into a topologically non-trivial gapped phase is not
possible. Instead, it is found that in the presence of a time-reversal symmetry breaking field (again pointing along the
111-direction), the three-dimensional Kitaev models remain gapless, but the nature of the Majorana metal might change.
This is, for instance, the case for the nodal line metals, which in the presence of a magnetic field turn either into Weyl
semimetals or Weyl metals, i.e. the energy spectrum acquires Weyl nodes in both cases sitting right at the Fermi energy in
the first case and above/below the Fermi energy in the second case [275]. The effect of time-reversal symmetry breaking
for all Majorana metals is provided in the third column of Table 2.

Three-dimensional Kitaev models distinguish themselves from their two-dimensional counterparts not only with
regard to the variety of possible Majorana metals, but also with regard to the physics of their underlying Z, gauge
theory. One striking difference between two and three spatial dimensions arises when considering the effect of thermal
fluctuations on the order of the Z, gauge field. In two spatial dimensions such thermal fluctuations immediately melt
the zero-temperature order of the Z, gauge field, while for three spatial dimensions it takes a critical strength of the
thermal fluctuations to destroy the Z, order, i.e. there is a finite-temperature transition separating a low-temperature Z,
ordered state from a high-temperature disordered state. The origin for the absence/occurrence of such a finite-temperature
transition in two/three spatial dimensions can readily be understood when considering the nature of defects in the low-
temperature Z, gauge order. In two spatial dimensions, e.g. for the honeycomb lattice, the elementary excitations are
point-like vison excitations (associated with the plaquettes of the honeycomb lattice) that can freely move through the
lattice (at no additional energy cost) and thereby thread a flux line through the system which destroys the long-range
order of the Z, gauge field. For three spatial dimensions, the elementary vison excitations form closed flux loops, which
leads to a competition between their excitation energy and configurational entropy. As a consequence, it takes a finite
temperature to drive the system out of a regime of short flux loops into a regime of extended flux lines, which is connected
to the paramagnetic high-temperature regime. In the context of the Kitaev model, this Z, gauge physics has been nicely
demonstrated [276,288-292] via numerically exact quantum Monte Carlo simulations [288] (in the sign-problem free
Majorana basis) of the Kitaev model for the entire family of three-dimensional tricoordinated lattices mentioned above.
These finite-temperature simulations in fact reveal not only the Z, gauge transition at a temperature scale of about
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Fig. 21. Typical two-peak signature of the specific heat in three-dimensional Kitaev models, indicating both spin fractionalization (upper crossover
peak) and a subsequent Z, gauge transition (lower peak), for two representative lattices. A thermal cross-over indicated by a system-size invariant
peak at temperature T =~ 0.6 K (where K is the strength of the Kitaev coupling) reveals the temperature scale at which the original spin degrees
of freedom fractionalize into Majorana fermions and a Z, gauge field. The latter undergoes an ordering transition indicated by the (diverging)
lower-temperature peak at about T ~ 0.004 K. Results shown have been obtained using numerically exact quantum Monte Carlo simulations [288].
Source: Figure adapted from Ref. [289].

22



S. Trebst and C. Hickey Physics Reports 950 (2022) 1-37

T ~ K /1000 — K /100 (where K is the strength of the Kitaev coupling), but also a thermal cross-over at around T =~ 0.6 K
(i.e. on the bare scale of the Kitaev coupling), which indicates the actual spin fractionalization into Majorana fermions
and a Z, gauge field, see the two specific heat traces illustrated for two typical 3D lattices in Fig. 21. Some lattices show
more peculiar effects with regard to their low-temperature Z, gauge structure. Lattice (8,3)c exhibits the phenomenon
of “gauge frustration” [291], where an extensive number of Z, gauge configurations form a degenerate low-temperature
manifold (which is split in an intricate interplay with the collective Majorana fermion state). Lattice (9,3)a stands out as
the only three-dimensional lattice with an odd number of sites in its elementary loop. As a result, the elementary plaquette
flux must be £ /2 for the Majorana fermions (which by the virtue of their complex hopping amplitude pick up a phase
of £ /2 per bond when traversing an elementary loop). This in turn implies a spontaneous breaking of time-reversal
symmetry in the ground state — akin to the physics of the Yao-Kivelson model on the decorated honeycomb model [265]
- with the effect that a three-dimensional chiral spin liquid forms as ground state [292].

The conceptual understanding of three-dimensional Kitaev models has been further expanded by analytical calculations
of the dynamical structure factor for the hyper-honeycomb Kitaev model [293] relevant to neutron scattering experiments
and the Raman response for both the hyper-honeycomb and stripy-honeycomb Kitaev model [294]. It has been pointed out
that signatures of fractionalization of three-dimensional Kitaev spin liquids, with regard to both the gauge and Majorana
fermion excitations, can be probed experimentally in resonant inelastic X-ray scattering (RIXS) [295]. The effects of
disorder [296] and interactions [283] have been discussed for some of these lattices with the latter allowing for the
possibility of a spin-Peierls instability. For the hyper-honeycomb lattice, extensions of the Kitaev model such as a three-
dimensional Heisenberg-Kitaev model [120,297-299] and the JK I"-model of Eq. (2) have been considered [180]. Finally,
we note that beyond the analytically tractable 3D Kitaev models on tricoordinated lattices other 3D Kitaev generalizations
for arbitrary lattice geometries [120] have been considered.

Before we turn to candidate Kitaev materials with three-dimensional lattice geometries, we want to close this
conceptual overview of 3D Kitaev spin liquids with a few words on their experimental viability. In general, one might
argue that the emergence of quantum spin liquid behavior in truly three-dimensional settings is even less likely to occur
than in two dimensional systems as quantum fluctuations are less potent in three spatial dimensions than in two or
one dimensional lattice geometries. While this is indisputably right, it remains an open question whether the effect of
magnetic frustration might still tip the balance to the formation of 3D quantum spin liquids as it is broadly discussed,
e.g., in the context of geometric frustration in pyrochlore spin ice systems [300,301]. Whether this also holds for the
exchange frustration present in 3D Kitaev materials remains to be seen. On the upside, some signatures of spin liquid
physics are more pronounced in three spatial dimensions than in two — for instance, the Z, lattice gauge structure in
Kitaev spin liquids will lead to a true thermodynamic phase transition (with a clear experimental signature in the specific
heat) as opposed to two dimensional geometries (as discussed above).

3.2. B-LiyIrO3 and y-LiyIr0s

The two Li,IrO; polymorphs B-Li;IrOs [172] and y-Li;IrO3 [173] are the first truly three-dimensional Kitaev materials
— realizing as illustrated in Fig. 22 a hyper-honeycomb and stripy-honeycomb lattice of edge-sharing IrOg octahedra,
respectively. Independently synthesized almost at the same time, they are found to exhibit rather similar physics. Both
systems are spin—orbit entangled Mott insulators with effective moments of 1.6(1) up close to the value of 1.73 ujp for
an ideal j = 1/2 moment. Susceptibility fits indicate strong ferromagnetic interactions with estimates of the Curie-Weiss
temperature found to be Oy ~ 40 K(8) and @cw ~ 75 K(y ), respectively. They both order at around Ty ~ 38 K into non-
collinear magnetic order. Resonant magnetic X-ray diffraction experiments [302,303] on about 17-100 wm wide single
crystals identify this non-collinear magnetic ordering with non-coplanar, counter-rotating long range spin spirals with
an incommensurate ordering wave vector ¢ = (0.57, 0, 0) along the orthorhombic a axis in both materials. This unusual
counter-rotating spiral order in these three-dimensional Li,IrOs-polymorphs is thus very similar to the one (subsequently)
observed in the original honeycomb material «-Li;IrOs.
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Fig. 22. Crystal structure of the hyper-honeycomb Kitaev material B-Li,IrO; (left) and stripy-honeycomb Kitaev material y-Li,IrO5 (right).
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From a theoretical perspective, the two three-dimensional Li,IrO; polymorphs have been investigated via ab initio cal-
culations supporting the j = 1/2 picture and dominant Kitaev-type bond-directional coupling [304,305], which for the case
of y-LiIrOs, further argue [306] for a reduced symmetry of the local Ir-O-Ir environment (possibly giving rise to rather
complex magnetic interactions) to explain the anisotropic behavior observed in optical conductivity measurements [307]
for different polarizations. The origin of the magnetic ordering has been scrutinized based on a Heisenberg-Kitaev-
Ising model [179,298] and JK I"-model [180,181,297] leading to a unifying theoretical framework [179,181] for the spiral
magnetism in all three Li;IrO; polymorphs and their dynamics [308].

More recent experimental studies have argued for evidence of (Majorana) fermion quasiparticles in the Raman
scattering [309], employing similar arguments as presented above in some detail for the Raman signatures of «-RuCls, and
the observation that a magnetic field with a small component along the magnetic easy-axis melts the magnetic long-range
order, first argued to reveal a bistable, strongly correlated spin state [310,311]. In further theoretical treatment, the nature
of this state was identified with a commensurate spin order with six spin sublattices (and the zero-field incommensurate
state as a long-distance twisting of this nearby commensurate order), which can be captured within the framework of the
JKI" model [312,313]. Follow-up magnetic-field experiments [314-316] have revealed that the elementary magnons of
the zero-field incommensurately ordered state 8-Li;IrO; are gapless (and not gapped as, e.g., the zero-field zig-zag order
in @-RuCls). Beyond a critical field strength of H. ~ 2.8 T, the commensurate state exhibits massive magnons with the
magnon gap increasing linearly with magnetic field strength [315].

High-pressure experiments, theoretically argued to drive the three-dimensional Kitaev material closer to the spin
liquid regime [317], have revealed that a strong dimerization [318] (induced by pressure) breaks up the local spin-orbit
entangled j = 1/2 moments and stabilizes a bonding molecular-orbital state of neighboring d orbitals in the Ir-O,-Ir bond
plane, experimentally observed both in resonant inelastic X-ray scattering (RIXS) [319,320] as well as Raman spectroscopy
experiments [321].

3.3. Other 3D materials

We close by mentioning other materials scrutinized as three-dimensional Kitaev materials. Spin-orbit entangled Mott
insulators where the local j = 1/2 moments form a face-centered cubic (fcc) lattice geometry have been scrutinized first
in LayBIrOg (B=Mg,Zn) [323,324] and, more recently, in K;IrClg [325] and Ba,CelrOg [322,326]. Based on resonant inelastic
X-ray scattering (RIXS) experiments, the latter material has been argued to be an almost ideal j = 1/2 system (with less
than 1% admixture of other spin-orbital states to the ground-state wavefunction) [322], which shows an unexpectedly
strong magnetoelastic effect, see Fig. 23. The microscopic interplay of these pristine j = 1/2 moments in Ba,CelrOg is
characterized by competing nearest and next-nearest Heisenberg coupling (J; and J>), which on the underlying fcc lattice
leads to geometric frustration that manifests itself, for certain parameters and on the classical level, in(subextensive)
ground-state manifolds of spin spiral states, see Fig. 24. Interestingly, an additional bond-directional Kitaev interaction is
found to counteract this frustration and induce magnetic ordering commensurate with the experimental observation of
antiferromagnetic order below Ty = 14 K. In passing, we mention the sister material BazCelr,Og, where the Iridium ions
form a quasi-molecular electronic structure that has been probed in “double split” experiments using resonant inelastic
X-ray scattering (RIXS) experiments [327].

On a more theoretical footing, it has been suggested [328] to synthesize metal-organic compounds such as honeycomb
Ru-oxalate frameworks that might realize tricoordinated lattice structures in three spatial dimensions beyond the hyper-
honeycomb (and its higher harmonics) such as the (10,3)a hyper-octagon lattice [279]. Finally, also the hyperkagome
material Naylr3Og [329] has attracted some renewed interest [330,331] exploring the role of Kitaev-type interactions.
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Fig. 23. In the spin-orbit entangled Mott insulator Ba,CelrOg the local j = 1/2 moments form a face-centered cubic (fcc) lattice (left panel). The
pristine nature of these j = 1/2 moments (with very low admixture from other spin-orbit entangled moments) has been revealed resonant inelastic
X-ray scattering (RIXS) experiments (middle panel). Below Ty = 14 K these moments order antiferromagnetically, as seen in the susceptibility trace
(right panel). Unusual for a j = 1/2 system Ba,CelrOg exhibits a strong magnetoelastic effect (illustrated on the lower left).

Source: Figure adopted from Ref. [322].
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Fig. 24. Competing nearest and next-nearest Heisenberg coupling (J; and J;) on the face-centered cubic (fcc) lattice gives rise to geometric frustration,
which for certain parameters can lead to (subextensive) ground-state manifolds of spin spiral states (b-c). Interestingly, an additional bond-directional
Kitaev interaction is found to counteract this frustration and induce magnetic ordering as indicated in the phase diagram (a) of the left panel. The
central spin liquid region (gray area) is identified via a maximal suppression of the magnetic ordering as illustrated by a color coding of the frustration
parameter f = Ty/Ocw in the right panel (d).

Source: Figure adopted from Ref. [322].

4. Other lattice geometries
4.1. Triangular Kitaev materials

Beyond the search for spin liquids, Kitaev materials also provide ample opportunity to study other unconventional
forms of magnetism. A particularly interesting class might be materials in which j = 1/2 moments form quasi-two-
dimensional triangular lattice structures. Such a scenario has been proposed [332] for the family of hexagonal perovskites
BaslryTis_,0y, in particular the sister compounds BaslrTi,Og (x = 1) [333] and BasTilr,Og (x = 2) [334]. This has drawn
interest to the triangular Heisenberg-Kitaev model, for which the interplay of geometric and exchange frustration leads
to the formation of non-trivial spin textures [332,335], such as the formation of a Z,-vortex crystal induced by the Kitaev
couplings that destabilize the 120° order of the (antiferromagnetic) quantum Heisenberg model. Extensions to a full
J — K — I model on the triangular lattice have recently been explored in Ref. [336]

4.1.1. Ba31rxTi3_X09

The 2012 synthesis of BaslrTi,Og (x = 1) by the group of Mahajan [333] marks the discovery of what might be the first
triangular j = 1/2 Mott insulator. It is now recognized as the first representative of a family of hexagonal j = 1/2
iridium perovskite-like structures of the form BaslryTi3_,O9, of which various members with 1 < x < 2 have been
synthesized over the last years [337]. The crystal structure of these compounds - which are found to exhibit hexagonal
space group symmetries P63mc (x = 1) [333] or P63/mmc (x = 2) [334], respectively - is illustrated in Fig. 25. Generically,
the structure is composed of three layers of [Ir/TiOg] octahedra, two of which form a double-layer of face-sharing Ir;Oq
bioctahedra (indicated by the blue octahedra) and a single layer (indicated by the light brown octahedra). The occupation
of the octahedral sites in the different layers with Ir*t and Ti*t ions is complicated by the fact that the two ions have
rather similar radii and the same valence. For Baslr;TiOg, it is found that the iridium ions fill all octahedral sites in the
double-layer [334], which are then well separated by a single layer of (non-magnetic) titanium ions. For BasIrTi,Og a
more complicated picture emerges with the iridium ions still preferably occupying octahedral sites in one of two double-
layers, but a significant amount of site inversion (37 &£ 10%) with the titanium ions from the other double-layer has been
reported [333].

Magnetic susceptibility, heat capacity data [333] and muon spin relaxation data [338] for Bas3IrTi;Og show no magnetic
ordering down to 23 mK in spite of a strong antiferromagnetic coupling as evidenced by a large Curie-Weiss temperature
Ocw ~ —130 K. The effective moment is theoretically argued to be a spin-orbit entangled j = 1/2 moment (on the basis
of ab initio calculations [339]), despite the considerable suppression of the experimentally determined magnetic moment
of 1.09 g [333].

The unconventional magnetism of spin-orbit entangled j = 1/2 moments on a triangular lattice again arises from the
presence of bond-directional exchange couplings. On a microscopic level, it has been argued [332] that the arrangement of
the IrOg octahedra within the layers, depicted in Fig. 26, fulfills the two necessary ingredients for Kitaev-type interactions.
First, neighboring octahedra exhibit parallel edges, which gives rise to two separate exchange paths for every pair of
iridium ions. As in the case of edge-sharing IrOg octahedra, this leads to a destructive interference and subsequent
suppression of the isotropic Heisenberg exchange [7,9,40]. Second, there are three distinct exchange paths for the three
principal bond directions of the triangular lattice, with each cutting through different edges of the IrOg octahedra. This
results in a distinct locking of the exchange easy axis [7,9,40] along the three principal lattice directions as illustrated
in Fig. 26. Since the Ir layer is normal to the 111 direction (see the left panel in Fig. 26), the strength of the bond-
directional coupling is equivalent in all three directions. Ultimately, this gives rise to the bond-directional exchange of a
triangular Kitaev model. In total, these microscopic considerations lead to a triangular Heisenberg-Kitaev model as a very
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Fig. 25. Crystal structure of Baslr,TiOg [334], a candidate material for the realization of a triangular Kitaev material.

promising candidate for the description of the magnetism in BasIrTi,Og. Ab initio calculations [339] complete this picture
by arguing that in addition a symmetric off-diagonal exchange I" should be considered along with the possible emergence
of a Dzyaloshinskii-Moriya (DM) exchange term arising from distortions in the oxygen octahedra, which break inversion
symmetry about the Ir-Ir bond center.

One of the prevalent features of the magnetism of the triangular Heisenberg-Kitaev model is the emergence of non-
trivial spin textures [332,335]. The Kitaev exchange destabilizes the 120° order of the Heisenberg antiferromagnet and
induces a lattice of Z,-vortices [335] whose spatial separation is inversely proportional to the strength of the Kitaev
coupling (independent of its sign). The resulting phase diagram of the Heisenberg-Kitaev model has been explored both in
its classical [335,340] and quantum [43,332,341-344] variants using a combination of analytical and numerical techniques.
A summary, based on the comprehensive density matrix renormalization group (DMRG) work of Ref. [343] is given in
Fig. 27. We note that these DMRG calculations have revealed that an extended nematic phase, argued for and informed by
a semiclassical perspective in Refs. [332,335,339,342,345], is in fact not present in the quantum variant of the triangular
Heisenberg-Kitaev model, but reduces to the phase boundary between two magnetically ordered phases. In addition,
these DMRG studies argue for an extended spin liquid regime between the spin textured phase of the (antiferromagnetic)
Heisenberg model with weak Kitaev interactions and the stripe phase around the (antiferromagnetic) Kitaev model (and
their duals), see the phase diagram of Fig. 27.

Finally, we note that other non-trivial spin textures beyond the Z,-vortex crystal can be stabilized by spin-orbit
coupling effects. For instance, a Dzyaloshinskii-Moriya (DM) exchange also destabilizes the 120° order of the Heisenberg
antiferromagnet and instead favors the formation of a skyrmion crystal in the presence of a magnetic field [346-348].

Returning to the family of Baslr,Ti3_xOg materials, it would be most intriguing to experimentally establish the
emergence of non-trivial spin textures in BaslrTi;Og. This, however, requires high-quality single crystals (without the
aforementioned Ir/Ti site inversion) that would allow for inelastic neutron scattering experiments. The magnetism of the
sister compound BasTilr,0g is probably dominated by the formation of dimers in the Iridium double-layer and is currently
being explored both theoretically and experimentally.

Y view along (111) Y view along (311)
Fig. 26. Views of the triangular layer of IrOg octahedra from two different perspectives.
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Fig. 27. The phase diagram of the triangular Heisenberg-Kitaev model, obtained from large-scale density matrix renormalization group (DMRG)
calculations [343] exhibits distinct types of magnetic order. Around the 120° order of the Heisenberg antiferromagnet, one finds spin textures that can
be described as three-sublattice intertwined crystals of Z,-vortices (as illustrated for one sublattice in the right panel). Around the antiferromagnetic
Kitaev point an extended region of stripe order forms. Between these two magnetically ordered phase an extended spin liquid (SL) regime opens
up. The dashed lines indicate Klein-dual points in the phase diagram, thereby connecting all phases on the right-hand side with their duals on the
left-hand side.

Source: The left panel is reproduced from Ref. [343], the right panel from Ref. [332].

4.2. Other materials

Recently, a new family of hexagonal j = 1/2 iridium perovskites of the form BazMIr,09 with M = (Sc, Y) has been
experimentally explored [349,350]. In contrast to the Baslr,Tiz_xOg compounds, the (average) iridium valence here is
Ir*>*. This possibly leads to a scenario where in each double-layer one has one effective spin-orbit entangled j = 1/2
moment per face-sharing Ir,Og bioctahedra [35]. As argued above, the latter are coupled via three distinct parallel
(bi)octahedral edges and as such the effective j = 1/2 moments are likely subject to a bond-directional exchange.
While both BasSclr,09 and BasYIr,09 have been reported to exhibit magnetic ordering at around 10 K (Sc) and 4.5 K
(Y), respectively, the closely related Ir*>*-compound Baslnlr,Og [334] does not exhibit any sign of magnetic ordering
down to 250 mK [351] and, thus, is a potential j = 1/2 spin liquid candidate system.

Another related spin liquid candidate material is the recently synthesized ruthenate Ba3ZnRu,0g [352], in which a
hexagonal lattice of Ru>* dimers (with S = 3/2) forms in the double-layer of face-sharing Ru,0g bioctahedra. The absence
of long-range magnetic order down to 37 mK along with a linear specific heat [352] indicate the possible formation of a
spin liquid in this material, which would be remarkable given the rather large effective magnetic moment of S = 3/2.

5. Outlook

Before taking a look at the road ahead, it is very much worthwhile to note that in the years since the original
2009 proposal for Kitaev physics in the 4d° and 5d° transition metals [9] experimental progress has been made at an
incredible pace. Not only have several Kitaev materials with different two- and three-dimensional lattice geometries
been synthesized and firmly established as j = 1/2 spin-orbit entangled Mott insulators, but there has also been
a streak of impressive experimental findings that most notably have provided direct evidence for bond-directional
Kitaev-type interactions [167] in the first Kitaev material Na,IrOs, and, in the case of «-RuCls, have established the
notion of a “proximate spin liquid” regime and have even suggested the emergence of a true quantum spin liquid
state under application of a magnetic field. This includes experimental evidence of fermionic excitations in Raman
scattering of a magnetic insulator [206-208], a number of highly unusual signatures in inelastic neutron scattering
(above the magnetic ordering transition) that have been attributed to the proximity of spin liquid physics [146,147],
and the reported observation of a half-integer quantized thermal Hall conductance [228]. On the way, the unconventional
magnetism of spin-orbit entangled j = 1/2 moments in the Li;IrO3; polymorphs has been elucidated as a rare example of
counter-rotating spin spirals [176].

As the field keeps moving with unflagging momentum, many novel materials are expected to take center stage in
the coming years. Within the family of iridates, the hydrogen-intercalated honeycomb material HsLilr,Og [353] will
undoubtedly receive much attention for its apparent spin liquid behavior. Other members of the so-called “second-
generation” of Kitaev materials also await a full experimental and theoretical understanding. Beyond the iridates, other
5d° oxides await experimental scrutiny such as the recently synthesized honeycomb rhodate Li,RhO; [354-358]. One of
the most exciting recent developments has been the new proposals for realizing Kitaev interactions beyond the original
Jackeli-Khaliullin d>-based mechanism. This allows for a welcome expansion of the materials search, including d’-based
transition metal compounds such as Na,Co,TeOg and Na3Co,SbOg. Higher-spin versions of the Kitaev model may even be
accessible within d®-based compounds. In further broadening the search for Kitaev materials, it may also be worthwhile
to look beyond 4d and 5d transition metals and consider rare-earth magnets [359] whose 4f electrons are much more
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localized than the 5d or 4d electrons in iridates and ruthenates and at the same time experience a considerably stronger
spin-orbit coupling — thus potentially providing another path to Kitaev materials in the future. New materials which
realize antiferromagnetic Kitaev interactions, in contrast to the ferromagnetic interactions believed to occur in the current
set of known Kitaev materials, will be particularly welcome both as a means to explore a new area of the extended phase
diagrams and for their distinct in-field properties. At the level of materials synthesis, the search for Kitaev materials
readily continues unabated. Further impetus for the field might come from engineering novel materials, such as the recent
synthesis of RuCl; | graphene heterostructures [360-362]. The interplay of a Dirac semimetal and Kitaev magnetism is
expected [363-365] to drive novel quantum many-body phenomena — either by enhancing the formation of spin liquid
physics in RuCl; through spatial proximity to a semimetal or, vice versa, by imprinting the electronic state of the Dirac
metal with the physics of fractionalized degrees of freedom in a proximate spin liquid.

On a conceptual level, interest in Kitaev materials is spurred by their promise to realize what is a truly dichotomous
state - a spin-orbit entangled Mott insulator, in which the emergent degrees of freedom are Majorana fermions that form
an (almost) conventional metal. These emergent Majorana metals exhibit distinct (topological) band structures [19,275]
including the formation of Fermi surfaces, nodal lines, and Weyl nodes in three-dimensional settings along with the Dirac
nodes of the originally proposed honeycomb system. Outside of the potential for fractionalization, the study of Kitaev
materials, with their inherent bond-directional interactions and concomitant absence of spin-rotational symmetry, also
provides a platform for studying the more conventional physics of quantum magnets, such as magnon dynamics or spin-
phonon coupling, in an unconventional setting. It forces one to reevaluate intuition and results based on more familiar
Heisenberg interacting systems and thus expands the horizon of the whole field.
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