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Abstract
This topical review provides an overview over recent thermodynamic, infrared, and THz
results on the proximate Kitaev spin-liquid. Quantum-spin liquids are exotic phases
characterized by the absence of magnetic ordering even at the lowest temperatures and by the
occurrence of fractionalized spin excitations. Among those, Kitaev spin liquids are most
fascinating as they belong to the rare class of model systems, that can be solved analytically by
decomposing localized spins S = 1/2 into Majorana fermions. The main aim of this review is
to summarize experimental evidence obtained by THz spectroscopy and utilizing heat-capacity
experiments, which point to the existence of fractionalized excitations in the spin-liquid state,
which in a-RuClj; exists at temperatures just above the onset of magnetic order or at in-plane
magnetic fields just beyond the quantum-critical point where antiferromagnetic order becomes
suppressed. Thermodynamic and spectroscopic results are compared to theoretical predictions
and model calculations. In addition, we document recent progress in elucidating the sub-gap
(<1 eV) electronic structure of the 4d° ruthenium electrons to characterize their local
electronic configuration. The on-site excitation spectra of the d electrons below the optical gap
can be consistently explained using a spin—orbit coupling constant of ~170 meV and the
concept of multiple spin—orbital excitations. Furthermore, we discuss the phonon spectra of
the title compound including rigid-plane shear and compression modes of the single molecular
layers. In recent theoretical concepts it has been shown that phonons can couple to Majorana
fermions and may play a substantial role in establishing the half-integer thermal quantum Hall
effect observed in this material.

Keywords: a-RuCls, quantum spin liquid, fractionalized excitations, THz and optical
spectroscopy, heat capacity, phonons, electronic excitations
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1. Introduction: frustrated magnets and spin
liquids

In canonical magnets with localized magnetic moments, on
decreasing temperatures the dominant exchange interactions
typically induce long-range order resulting in a variety of
ordered spin states, like ferromagnetism, antiferromagnetism
or ferrimagnetism, to name the simplest and most commonly
observed spin structures. However, due to reduced dimension-
ality, geometrical constraints, or due to competing interactions,
long-range order can be suppressed resulting in a highly coop-
erative, but disordered ground state. This spin-liquid state can
be thought as analogous to a conventional supercooled lig-
uid phase characterized by a strong cooperative motion of the
entities in the absence of any long-range order. Ising spins on
a triangular lattice, spins on Kagome or honeycomb lattices,
or spins on a pyrochlore lattice are the most prominent two-
dimensional (2D) or three-dimensional (3D) magnetic exam-
ples being prone to strong frustration effects. A large vari-
ety of compounds with localized magnetic moments do show
frustration effects and hence, do not undergo conventional
magnetic long-range order at low temperatures despite strong
magnetic interactions. The ground state in frustrated spin sys-
tems either can be a spin liquid or a dynamically disordered
quantum state. However, as experimentally observed in the
vast majority of cases, the ground state represents some non-
generic magnetic order, driven by residual non-leading mag-
netic interactions. Very often, in cases where disorder comes
into play, the ground state can be characterized as quasi-static
spin-glass state, where the local magnetic moments are frozen
without any long-range canonical spin order. The most promi-
nent examples of quantum-spin liquids (QSLs), are the res-
onating valence-bond state introduced by Anderson [1] and the
Kitaev-type spin liquid on a honeycomb lattice [2]. Reviews on
frustrated magnets or spin liquids can be found in references
[3,4].

Theoretical concepts of spin-liquid phases are numer-
ous and in most cases rather complex. However, from
an experimental point of view, the identification of strong
frustration effects in magnetic systems is straightforward
and a much easier task. Systems with localized magnetic
moments with spin S coupled by finite effective exchange
interactions J usually reveal a high-temperature magnetic
susceptibility being described by a Curie—Weiss (CW)
behaviour y = C/(T — Ocw), defining a CW temperature
Ocw ~ JS?, which in antiferromagnets is a negative tem-
perature. Analysing the paramagnetic (PM) susceptibility, the
magnitude of frustration can easily be identified, as indi-
cated in figure 1. For the unfrustrated case, the antiferromag-
netic (AFM) phase transition is expected to occur roughly at
the modulus of the CW temperature, at the AFM ordering
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Figure 1. Magnetic susceptibility of frustrated antiferromagnets. At
high temperatures, the inverse susceptibility follows a CW law. Its
extrapolation defines a negative CW temperature ©cw (bold and
dashed red line). In non-frustrated magnets, magnetic order is
expected to occur approximately at Ty ~ |©cw|. Frustration effects
suppress magnetic order and a PM-like susceptibility can be found
at temperatures well below |Ocw/, a regime which sometimes is
called a cooperative paramagnet. At low temperatures the system
realizes a spin-liquid phase or, as commonly observed, non-leading
magnetic interactions drive non-generic spin order or a disorder
induced spin-glass state below T';. Reprinted from reference [5] with
permission from Tsurkan er al.

temperature TN ~ |Ocw|. In frustrated magnets however, con-
ventional magnetic order becomes suppressed and a spin-
liquid ground state with zero ordering temperature will be
established. In the majority or real systems, the spin liquid
competes either with the onset of non-generic magnetic order
or with spin-glass freezing at a temperature 7. From a plot of
the inverse susceptibility vs temperature, a frustration param-
eter can be defined via f = |@cw|/Tn. Following the pro-
posal of reference [4] we define strong magnetic frustration by
values f > 10.

The time-honoured Kitaev model describes spins S = 1/2 on
a honeycomb lattice with bond-dependent interactions [2]. It
has attracted enormous attention due to the fact that this model
is exactly solvable and harbours an enormously rich physics.
The QSL phase, characterized by the absence of long-range
magnetic order at 7 = 0 despite sizeable magnetic exchange,
is characterized by the existence of exotic fractionalized exci-
tations. The exact solution of the Kitaev model is provided
by fractionalization of quantum spins into two types of Majo-
rana fermions: Z, fluxes and itinerant fermions. The former
are localized on each hexagon of the honeycomb lattice, the
latter form propagating fermionic quasiparticles. The fascina-
tion of the Kitaev model also relies on the fact that it offers
promising applications for fault-tolerant quantum-information
processing using non-Abelian anyons [2, 6]. A schematic rep-
resentation of the Kitaev model on a honeycomb model show-
ing the decomposition of spins into Majorana fermions and the
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Figure 2. Kitaev model on a honeycomb lattice with the
bond-dependent couplings K, K, and K. The model can be
analytically solved by introducing four flavours of Majorana
fermions (yellow, blue, green and brown circles) and recombining
them into a static Z, gauge field (blue, green, and brown ovals) and
one remaining itinerant Majorana fermion (yellow circle). Reprinted
figure with permission from S Trebst [7].

reconstruction into static gauge fields and mobile fermions is
shown in figure 2 [7].

Notably, localized magnetic moments on a honeycomb lat-
tice are realized in several iridate oxides. Moreover, their Ir*+
ions with 5d° electron configuration exhibit strong spin—orbit
coupling (SOC), which is believed to help promote the bond-
dependent interactions giving rise to a Kitaev QSL. Thus, these
materials with an effective J.i = 1/2 ground state were iden-
tified as possible solid-state realizations of the Kitaev model
[8, 9]. Since then, much theoretical and experimental work
has been devoted to transition-metal oxides containing Ir*+
to identify possible signatures of a Kitaev-type QSL [10-12].
However, research on the iridates is hampered by difficulties
in crystal growth resulting in limited sample sizes, signifi-
cant lattice distortions away from a pure 2D honeycomb lat-
tice, and sizeable finite magnetic-ordering temperatures, due
to non-negligible additional non-Kitaev type interactions. Sub-
sequently, a-RuCl; came into the focus of solid-state research
as a possible Kitaev spin-liquid candidate despite significantly
smaller SOC [13-19]. In this compound, localized effective
magnetic moments resulting from the Ru** spins with a 4d°
electron configuration are located on a honeycomb lattice and
reveal only intermediate SOC, but again exhibit a J.g = 1/2
ground state.

2. Structural details, magnetic susceptibility and
heat capacity of a-RuCl;

2.1. Structural characterization and monoclinic to
rhombohedral phase transition

a-RuClj belongs to a large class of layered tri-halides known
since almost a century where the ruthenium ions form a hon-
eycomb lattice sandwiched between two layers of halide ions.

These strongly bonded molecular stacks are only weakly con-
nected by van der Waals (vdW) forces. Due to this weak vdW
binding, the crystals are prone to stacking faults, strongly
influencing structural and magnetic properties. Hence, sam-
ple preparation and characterization remains an important
issue for this class of compounds. The large majority of these
layered tri-halides adopt either the monoclinic AICI; or the
rhombohedral Bilj structure [20, 21]. The 2D honeycomb net
of metal ions and the two characteristic stacking sequences
observed in the tri-halides are shown in figure 3 [21]. In both
of these structures the common structural motif is a honey-
comb lattice of metal cations in edge-sharing octahedral coor-
dination of halide ions as shown in the top of figure 3 in a
3D projection. In figure 3 stacking sequence and unit cell of
the monoclinic space group are indicated [22]. Within a sin-
gle molecular layer, the structure is composed of an assembly
of edge sharing almost ideal metal-halide octahedra, span-
ning a honeycomb network in the ab plane. In the mono-
clinic phase, each layer is displaced by a translation vector
of (1/3, 0), but in the rhombohedral phase subsequent lay-
ers are shifted by (1/3, —1/3) along the metal bonds, result-
ing in an ideal ABC order. These layer sequences are shown
in the bottom panels of figure 3. In the rhombohedral Bil;
structure the stacking sequence of molecular layers is strictly
ABC, while in monoclinic AICI; the stacking only approxi-
mately is ABC [20.21]. Within a single layer, due to the three-
fold symmetry the rhombohedral structure exhibits a strictly
regular honeycomb network, while in principle and following
symmetry arguments only, it can be slightly distorted in the
monoclinic structure.

After early reports on synthesis and structure of a-RuCl;
[23], Fletcher et al [24, 25] reported on its synthesis as well
as on structural, magnetic, and optical characterization. Ru’t
with an outer electronic configuration of 4d° is coordinated
by CI™ ions in octahedral symmetry. The absence of appre-
ciable electric-quadrupole interaction, as determined via *’Ru
Mossbauer spectroscopy, indicates an almost ideal octahedral
configuration of ligand Cl~ ions around the metal ions [26].
Early structural studies reported a highly symmetric P3;12
space group [23-25]. However, nowadays it seems well estab-
lished that the room-temperature structure of a-RuCl; is mon-
oclinic with space group C2/m [19, 27-29], isostructural to the
infinite-layer compound CrCls; at 300 K [30]. All chromium
tri-halides undergo a structural phase transition from the high-
temperature monoclinic (AICl; type) into the low-temperature
rhombohedral phase (Bil3 type with R3 symmetry) [30-32].
It seems that the majority of high-purity a-RuCls samples
investigated so far, also exhibits this type of structural phase
transition. It is located around 150 K [14, 33-39] and char-
acterized by a significant hysteresis extending over a wide
temperature range indicative of a strongly first-order character.
Interestingly, the phase with the higher symmetry is the sta-
ble low-temperature structure. The transition must be driven
mainly by interlayer interactions, since the molecular layers
themselves are changed very little between these two phases.
When cooling the sample through this first-order transition,
numerous twinning and stacking faults may develop, which
obviously complicate the interpretation of diffraction data at
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Figure 3. Top: crystal structure of the honeycomb layer of RuCls in
3D representation. The stacking direction of the molecular layers is
along the crystallographic ¢ direction. Stacking sequence and solid
lines indicate the monoclinic C2/m space group with three molecular
layers per unit cell. Each Ru ion (grey-shaded balls) is surrounded
by six Cl ions (small green balls) in octahedral coordination. The
chlorine octahedra form a honeycomb-type edge-sharing network.
Bottom: top view of the stacking order in the monoclinic (left) and
rhombohedral (right) phases for three subsequent layers. Only
ruthenium ions are shown. The magnetic Ru network shifts in the
order of blue, red and black. a, b and ¢ denote the crystallographic
axes. Figure redesigned with input taken from references [21, 22].
Reprinted figure with permission from reference [22]. Copyright
(2021) from the American Physical Society.

low temperatures [19, 31]. Despite the fact that, in analogy
to the chromium tri-halides, the occurrence of a structural
phase transition in the title into a low-temperature rhombo-
hedral phase seems appealing, its low-temperature crystallo-
graphic structure is not finally settled and other ground-state
symmetries have been reported [19, 40]: in a detailed struc-
tural study on de-twinned crystals by Johnson et al [19], the
authors argue that even at 80 K they can exclude a low-
temperature rhombohedral phase with a three-layer stacking
sequence.

2.2. Magnetic susceptibility and magnetization

Due to crystal-electric field (CEF) effects and intermediate to
strong SOC, the temperature dependence of the magnetic sus-
ceptibility will not follow an isotropic and simple CW law, but
has to be described by a theory modelling the paramagnetism
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Figure 4. Inverse magnetic susceptibility of a-RuCljs as determined
in external magnetic fields of 1 T for temperatures between 1.8 and
400 K. Results are shown for in-plane fields (H_Lc) and for fields
(H||c) along the stacking direction. CW temperatures and effective
PM moments are indicated for both field directions. The solid lines
indicate the results of high-temperature Curie—Weiss fits for
temperatures from 200—400 K. These fits were extrapolated to low
temperatures to document FM and AFM behaviour, respectively.
The inset shows the magnetic susceptibility for temperatures close
to the onset of magnetic order at ~ 7.5 K. Reprinted figure with
permission from Reschke ez al [38].

of d electrons of complex salts taking details of CEF and SOC
into account [41-46]. According to these models, the posi-
tive SOC (X > 0) splits the (de)’ states into a lower doublet
with total effective magnetic moment J¢ = 1/2 and an excited
quartet with Jeg = 3/2. In a-RuClj the value of the SOC con-
stant has been determined from optical spectroscopy [13, 47]
and inelastic neutron-scattering experiments [48] by measur-
ing excitation energies of the spin—orbit split #,, ground state
and was found to be of order 100 meV. This energy scale is
small compared to the crystal field splitting (~2 eV), but large
with respect to the thermal energy corresponding to ambient
temperature. Any deviation from strictly cubic symmetry, i.e.
a trigonal distortion, will result in a further splitting of the
excited quartet, hence in three doublets [49].

Figure 4 shows the characteristic temperature dependence
of the inverse magnetic susceptibility as observed in single-
crystalline a-RuCl; for external magnetic fields perpendicular
(HLc) and parallel (H||c) to the crystallographic ¢ direction,
which is the stacking axes of the honeycomb layers. The sus-
ceptibility is strongly anisotropic, with effective ferromagnetic
(FM) exchange when the external magnetic field is applied
within the ab planes, but indicates strong AFM exchange for
magnetic fields perpendicular to the molecular layers. This
anisotropy probably results from strongly anisotropic mag-
netic interactions, which are predominantly FM within the
planes, but AFM perpendicular to the planes along the stacking
direction.

Indeed, neutron diffraction experiments on polycrystalline
and single crystalline samples provided evidence for zigzag
magnetic order within the honeycomb layers with an AFM
stacking between layers [16, 19, 33, 40, 50]. The interpreta-
tion of these experiments converges to a zigzag spin structure,
which consists in zigzag FM chains along the crystallographic
a direction arranged in an AFM pattern along b, with the spins
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Figure 5. Low-temperature and low-field magnetic spin structure of
a-RuCls with zigzag FM chains along the crystallographic
a-direction with AFM order along b. The spins are slightly tilted off
the ab plane and reveal a three-layer AFM stacking along ¢ with an
intermediate disordered layer. Reprinted figure with permission
from Cao et al [40].

slightly tilted from the ab plane and with AFM stacking along
the crystallographic ¢ direction. The proposed magnetic zigzag
spin structure for a-RuCls is shown in figure 5 following the
best-fit results obtained in reference [40]. Figure 5 shows the
magnetic three-layer periodicity with AFM stacking along ¢
and an intermediate disordered layer, which was proposed in
[40]. While the zig-zag spin structure seems to be settled,
as is the three-layer periodicity, the analyses differ in exact
sequence of spin order along the c¢ direction, in the size of
the tilt angle of the spins out of the ab plane and in the size
of the ordered moment, ranging from values from 35° to 48°
and 0.4 pp to 0.73 g, respectively. Interestingly, this type of
zigzag magnetic order is consistent within the framework of a
Kitaev—Heisenberg model and the size of the ordered moment,
which is significantly smaller than expected for a spin § = 1/2
system, signals possible proximity to a spin-liquid phase. In
addition, significant magnetic anisotropy also is expected via
CEF effects for Ru** in low-spin (d¢)° configuration in case of
a trigonal or tetragonal distortion of the surrounding chlorine
octahedra [42, 43, 49].

The experimentally observed magnetic susceptibility in a-
RuCl; as documented in figure 4 was analysed using a high-
temperature CW behaviour in the temperature range from 200
to 400 K [38]. In these spin—orbit coupled systems any analy-
sis in terms of a simple CW law of the magnetic susceptibility
is highly oversimplified and approximate only, as the effec-
tive moment itself is temperature dependent (see, e.g. Kotani
[41]). This analysis yields a FM exchange with a CW tem-
perature 6, ~ 56 K and an effective magnetic moment fiesr =
2.1 pp for in-plane magnetic fields H_Lc and AFM exchange
of order 0,, ~ —178 K with an effective moment i =
2.5 ug for fields along the stacking direction H||c. In both
cases, the PM moment is strongly enhanced when compared
to that of a spin-only S = 1/2 system with pegr = 1.73 pug.

Quite interestingly, from these values an averaged magnetic
moment of order 2.24 up can be calculated, corresponding
exactly to the high-temperature value of a spin—orbit cou-
pled (de)’ system, which is of order V5 =2 2.24 [41]. The
anisotropic magnetic moments are in reasonable agreement
with PM moments published by other groups [16, 17]. From
the anisotropic effective PM moments documented in figure 4,
the g values have been determined, resulting in g = 2.9 and
g1 = 2.4. However, it has to be noted that susceptibility results
of Kubota et al [14] were analysed in terms of g = 0.4
and g, =2.5.

From the experimentally observed anisotropy of the mag-
netic susceptibility in a-RuCl; important information can be
deduced: in real materials, in addition to the Kitaev exchange
K, isotropic Heisenberg interactions J and symmetric off-
diagonal exchange I' will be present. This so-called J-K-T"
model predicts an anisotropic susceptibility with a relation
of the CW temperatures given by (6. — 0,) / (6. + 20,) =
'/ (3J + K) independent of the g factor anisotropy [51]. Using
the CW temperatures as given in figure 4, this equation results
in a value of I'/(3J + K) = —1.4, putting some constraints
on model parameters to describe realistic magnetic exchange
in the title compound. The anisotropy of the g factors can
provide an estimate of the splitting of the excited Jei = 3/2
quartet due to a trigonal or tetragonal distortion of the chlorine
octahedra surrounding the ruthenium ions. Following a model
developed by Geschwind and Remaika for SOC coupled (de)?
system with significant deviations from cubic symmetry [49],
the anisotropy of the g values can be calculated according to
g =2|2cos’ a —sin> | and g, = 2|v/2cos asin o + sin” o,
where the angle « is determined by the ratio of the trigonal dis-
tortion v and the SOC \ via tan 2a. = v/2/(1/2 — vI\). The case
of a cubic CEF corresponds to v = 0 and an isotropic value of
g ~ 2. As will be discussed later, according to recent knowl-
edge, the distortion of the cubic CEF in a-RuCls is so small
that so far it was not possible to resolve the splitting of the
excited quartet in the majority of spectroscopic experiments.
Assuming an upper bound of v/A ~ 0.1, would result in
g = 1.84 and g, = 2.64, not too far from the experimen-
tal observation deduced from the magnetic susceptibility (see
figure 4), having the oversimplified model assumptions in
mind. In calculating the g value anisotropy, we fully neglected
any mixing of the d orbitals with electronic p states and
assumed pure d orbital character. From this estimate one would
even suggest that the trigonal splitting v is significantly less
than 0.1\. By means of polarization-dependent x-ray absorp-
tion spectroscopy at the Ru L, 3 edges, Agrestini et al [52]
determined a splitting of the excited Jer = 3/2 level due to
a trigonal distortion of the CEF of order 12 meV. In addition,
from the Zeeman splitting of the energy levels in an external
magnetic field, these authors calculated the magnetic g factors
to be of order g, = 2.27 and g. = 2.05 in fair agreement with
the results indicated above and giving further support that the
CEF in the title compound is almost cubic.

It is worth mentioning that there exist more recent attempts
to explain the large anisotropy of the magnetic susceptibil-
ity. Sears et al [53] concluded that it may result from a large
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off-diagonal exchange interaction. Very recently, the tempera-
ture dependence of the anisotropic magnetic susceptibility of
the title compound has been reanalysed with a modified CW
law with effective temperature-dependent magnetic moments,
yielding CW constants for in-plane fields 6,, ~ 55 K and for
perpendicular fields 6. ~ 33 K [46]. These values, both indi-
cate FM exchange and differ significantly from values deter-
mined utilizing a conventional high-temperature CW law. In
addition, in this analysis the best fit converges to a trigonal
splitting of the excited quartet to be of order 51 meV. This value
is significantly larger as the value determined by Agrestini ef
al [52] from x-ray absorption spectroscopy, but in reasonable
agreement compared to results derived from resonant inelas-
tic x-ray scattering (RIXS) [54, 55] as well as from Raman
scattering [56]. This will be discussed in chapter 3.3 in more
detail.

The onset of AFM order appears close to 6—7 K (see inset
in figure 4), pointing towards a crystal with a well-defined
low-temperature rhombohedral phase. In a-RuCls, there exists
a close correlation between structural and magnetic ordering
temperatures and the stacking sequence is closely linked to
the onset of magnetic order. Crystals, which undergo a com-
plete monoclinic to rhombohedral phase transition, exhibit a
well-defined magnetic transition around 6—7 K. Crystals with a
(frozen-in or super-cooled) monoclinic phase undergo a broad
magnetic transition close to 14 K [40]. In a number of reports,
these anomalies in the magnetic susceptibility appear at both
temperatures and indicate the coexistence of both types of lay-
ering [14]. The results presented in figure 4 show only minor,
knee-like anomalies close to 14 K, documenting the absence
of major stacking faults.

2.3. Specific heat and thermal expansion

Figure 6(a) shows the temperature-dependent heat capacity of
a-RuCl; for temperatures from 2 to 250 K and for zero external
magnetic field as well as for an in-plane magnetic field of 9 T as
observed on heating [39]. In zero field and at low temperatures,
the heat capacity exhibits the characteristic A-like anomaly
signalling the transition into the AFM ground state at 6.4 K.
In external magnetic in-plane fields of 9 T, magnetic order
becomes suppressed and a remaining hump in C/T is slightly
shifted towards higher temperatures. Already at this point it
has to be noticed that this shift of the heat-capacity anomaly to
higher temperatures can hardly be explained in terms of mag-
netic fluctuations. This point will be discussed later in more
detail in chapter 4. A sharp anomaly characteristic for a struc-
tural phase transition is observed at 163 K. The narrow peak
signals latent heat at a first-order phase transition [39]. It corre-
sponds to a transition from the low-temperature rhombohedral
to the high-temperature monoclinic phase, which only involves
minor shifts of neighbouring molecular planes, but leaves
the honeycomb lattice rather undisturbed (see section 2.1).
As stated previously and contradicting conventional expecta-
tions, the low-temperature structural phase exhibits the higher
symmetry.
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Figure 6. (a) Temperature dependent heat capacity of a-RuCls
plotted as C/T, observed in zero magnetic field (open green circles)
and in external in-plane magnetic fields of 9 T (open orange
diamonds). (b) Temperature dependence of the normalized thermal
expansion AL/l on heating (open red triangles up) and cooling (open
blue triangles down), performed in zero magnetic field along the
crystallographic c direction and normalized to zero at 1.8 K. A
pronounced hysteresis between heating and cooling cycle evolves
between 131 and 163 K. The AFM phase transition is indicated by a
significant step like increase of the thermal expansion (see inset).
Reprinted figure with permission from Widmann et al [39].
Copyright (2021) from the American Physical Society.

Figure 6(b) documents the temperature dependence of the
thermal expansion as measured along the crystallographic
¢ direction [39]. A significant hysteresis evolves between
heating and cooling cycles, spanning a temperature range
of ~ 30 K, which seems to signal a well-developed struc-
tural phase transition where the stacking sequence changes
in a relatively narrow temperature range. The length change
along the crystallographic ¢ direction is ~ 0.3% document-
ing that the molecular stacks are slightly closer packed in the
low-temperature rhombohedral phase with ideal ABC layer-
ing. This result is in reasonable agreement with an analysis
derived from a single-crystal x-ray diffraction study report-
ing on a decrease of the ¢ axis lattice parameter by ~ 0.4%
at this structural phase transition [33]. However, one should
have in mind that this decrease in ¢ does not enhance the
magnetic exchange. Crystals with monoclinic structure reveal
magnetic order below ~ 14 K, while crystals with rthom-
bohedral symmetry exhibit AFM order below ~ 7 K. The
inset of figure 6(b) shows a step-like increase of the ther-
mal expansion at the onset of AFM order. The length change
along c is significant and amounts to ~ 100 ppm, signalling
strong magnetostrictive effects and significant spin-phonon
coupling.
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3. Optical properties and THz response: phonons,
electronic excitations and continua

3.1 Introductory remarks

In this section we will discuss and summarize the present
knowledge concerning the excitations as observed in a-RuCls
at energies below 1 eV, a value which roughly corresponds
to wave numbers ~ 10* cm™!, spanning the THz, far-infrared
(FIR) and mid-infrared (MIR) regime. Despite several reports
concerning a possible band gap of order 200 meV [35, 57, 58],
it seems now firmly established that the title compound is
a strongly correlated material, which can be characterized
as Mott insulator with an optical band gap of order 1 eV
[47, 57, 59]. One is led to conclude that conventional dc
resistivity results in a-RuCls are governed by extrinsic defect
charge carriers and one has to rely rather on results derived
from photoconductivity experiments [57]. Figure 7 shows the
dielectric properties of a-RuCl; for energies ranging from 1
meV up to 1 eV as reported by Reschke et al [35] and hence
are well within the sub-gap optical response. Here dielec-
tric constant &', dielectric loss ¢” and the real part of the
dynamical conductivity ¢’ are shown in the frames (a), (b)
and (c) respectively. Indeed, in the complete energy/frequency
regime documented there are no indications of free charge
carriers making an electronic band gap >1 eV quite plausi-
ble. The observed excitations in this frequency regime can
roughly be subdivided in three sectors: electronic excitations
dominate above 100 meV, phonons are excited for frequen-
cies between 10 and 100 meV, while for frequencies below
10 meV more exotic excitations, e.g. spin—orbital excita-
tions or excitations from fractionalized spin excitations can be
expected. However, one should be aware that the title com-
pound belongs to a class of strongly 2D systems and it is well
known from many other layered compounds that at low fre-
quencies, rigid shear and compression modes can be observed,
where the molecular layers exhibit collective excitations,
which due to the large molecular masses involved will appear
at low frequencies [60—62]. It seems natural to assume that
at room temperature, these rigid layer excitations will domi-
nate the THz response rather than spin—orbital or fractional-
ized excitations. If at all, these excitations will appear at low
temperatures only.

3.2. Phonon regime

The study of the phonon spectrum in the title compound, of
course is of interest on its own, specifically to unravel details
of the structural phase transition and the possible occurrence of
symmetry changes when crossing the critical temperature. In
addition, in a variety of different materials, like in magnets,
charge-density wave systems or superconductors, the inter-
action of the relevant quasi-particles with phonons has been
studied in detail and has enhanced our knowledge about inter-
actions, excitations, and the ground-state properties. Much less
is known about the interaction of fractionalized excitations
with phonons and its study is in the very beginning. Specifi-
cally in a-RuCls, after the observation of a field-induced half-
integer quantum-thermal Hall effect [63] it was theoretically
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Figure 7. Room-temperature optical response of o-RuCls from the
THz to the MIR regime: wavenumber (lower scale)/energy (upper
scale) dependence of (a) dielectric constant, (b) dielectric loss and
(c) real part of the optical conductivity, measured with the incident
light perpendicular to the molecular layers. Broadband spectra were
derived by combining THz results (<120 cm™~!) with reflectivity and
transmission experiments in the FIR and MIR range (>100 cm™ ).
For presentation purposes, the conductivity in the THz regime was
multiplied by a factor of 50. The dashed vertical lines in (b) indicate
the three main regimes dominated by different excitations:
spin—orbital excitations as well as rigid-plane modes at THz
frequencies, phonons in the FIR regime, and electronic transitions at
MIR frequencies. Reprinted figure with permission from Reschke et
al [35]. Copyright (2021) from the American Physical Society.

shown that the coupling of phonons to Majorana fermions
should play a fundamental role [64—67] and it seems interest-
ing to study the possible mixing of phonons with Majorana
particles. Specifically it has been shown that the coupling of
phonons to the Majorana edge mode is a necessary condition
for the observation of the half-integer thermal Hall effect [63].
In addition, the exact knowledge of the phonon spectrum also
will be of prime importance to exactly derive the magnetic spe-
cific heat and to allow to estimate possible contributions of
fractionalized spin excitations.

In analysing the phonon spectrum of a-RuCl; one should
have in mind that the room temperature crystallographic struc-
ture is monoclinic C2/m followed by the rhombohedral R3
structure at lower temperatures. From factor-group analysis
one expects 4A, modes (E||b) and 5B, modes (ELc), which
are infrared (IR) active in the monoclinic phase, while in the
rhombohedral structure, with higher symmetry, the number of



J. Phys.: Condens. Matter 33 (2021) 443004

Topical Review

modes becomes reduced and only 34,, (E||c) and 3E, (E_Lc)
modes are predicted. In most of the analyses of the phonon
properties of layered tri-halides a single molecular sandwich
with D3, symmetry was shown to account for most of the
experimentally observed phonon-like vibrations. In this case,
taking a single molecular layer into account only, group-factor
analysis predicts 24, (E||c) and 3E, (E_Lc) IR-active phonon
vibrations.

Before analysing the experimental results we show some
recent ab initio phonon calculations of a-RuCl; and compare
the results to the phonon spectra of isostructural and non-
magnetic RhCl; [39]. This comparison will later be necessary
to derive the heat capacity of purely magnetic origin of the
title compound. Widman et al [39] calculated the phonon spec-
tra within the framework of a frozen-phonon method assum-
ing atomic displacements of 0.01 A to induce nonzero forces
in a supercell containing 64 atoms. The forces were calcu-
lated within the projector-augmented wave method. As the
initial calculations on this basis revealed imaginary phonon
frequencies, electronic correlations in the Ru (Rh) 4d shell
and SOC were additionally taken into account. Electronic
correlations were treated within the first-principles density-
functional-theory code DFT + U, using the on-site Coulomb
repulsion Uy = 1.8 eV and a Hund’s coupling J4 = 0.4 eV [39].
The resulting phonon dispersion curves for a-RuCl; (solid
red lines) and RhCl; (dashed black lines) are documented in
figure 8 for the main symmetry directions. In a separate frame
the phonon-density of states (DOS) for both compounds are
indicated. Interestingly the phonons in the non-magnetic refer-
ence compound RhClj; are significantly stiffer than the phonon
eigenfrequencies in the title compound. This effect is much
stronger than expected from the mass-factor renormalization
alone and points towards an increased bonding strength in
the rhodium compound. It is also interesting to note the flat
acoustic modes propagating in reciprocal space from the I'
point at the zone centre to the A point at the zone boundary,
which corresponds to the crystallographic ¢ direction perpen-
dicular to the molecular layers. This will be discussed later in
more detail. For the now following discussion of the phonon
properties it seems only to be important that no one-phonon
excitations exist for frequencies beyond 40 meV. This will
be important to disentangle one-phonon from multi-phonon
excitations.

As documented in figure 7 there is only one IR-active
phonon mode with considerable dipolar strength close to
38 meV and this is the dominating excitation in reflectivity
experiments [35, 38]. To gain deeper insight into the phonon
properties, transmission experiments are needed. A prototyp-
ical experimental example of transmission experiments on -
RuCl; with the incident light perpendicular to the ab plane,
that is perpendicular to the molecular stacks, is shown in
figure 9 [38]. Here the transmission 7 is shown as function
energy for various temperatures between 10 and 200 K on a
semi-logarithmic plot.

Let us recall the most important facts by comparing the
experimental IR transmission (figure 9) with the ab initio
phonon calculations (figure 8). The strong absorption between
30 and 40 meV results from the flat optical phonon branches

Figure 8. Calculated phonon eigenfrequencies of magnetic a-RuCls
(red solid lines) and of non-magnetic RhCl; (black dashed lines) vs
eigenvectors along some representative high symmetry directions in
reciprocal space. The energy dependence of the phonon DOS as
derived for both compounds from these ab initio phonon dispersion
calculations are shown in a separate frame. Reprinted figure with
permission from Widmann et al [39]. Copyright (2021) from the
American Physical Society.
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Figure 9. Energy dependence of the transmission 7" as measured in
a-RuCl; for photon energies from 10 to 80 meV. Transmission
spectra are shown on a semi-logarithmic plot for temperatures
between 10 and 200 K on heating across the structural phase
transition. Arrows indicate one-phonon excitations in Ay, and E,
symmetry in accordance with theoretical predictions from [68]. In
the geometry chosen for these experiments, with the incident light
perpendicular to the ab plane and assuming D3, symmetry of a
single molecular layer, only three E,, modes are expected. A, modes
can only become visible either being disorder induced or if the
sample is slightly misaligned or from misaligned domains within the
sample. The mode at 31 meV remains unassigned. Reprinted figure
with permission from Reschke ef al [38].

located in this energy regime as documented in figure 8, specif-
ically by the high-frequency E, mode, which has by far the
highest optical weight. There are no phonon modes beyond
40 meV and hence, the strong absorption close to 75 meV
documented in figure 9 must be of multi-phonon origin. The
transmission is strongly temperature dependent, but rather in a
continuous way pointing towards an increasing importance of
multi-phonon processes on increasing temperature. With the
exception of the excitation close to 21 meV, there are no sig-
nificant shifts correlating with the structural phase transition
from monoclinic to rhombohedral symmetry. This points to the
fact that indeed, a single molecular layer characterized by D3,
symmetry determines the phonon properties of a-RuCls. In
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Table 1. Phonon eigenfrequencies Aw in units of meV of A,, and
E, symmetry in a-RuCl; as determined at low temperatures by
Reschke ef al [35, 38] and Hasegawa et al [68] compared to ab
initio model calculations taken from reference [68].

Ay (meV) E, (meV)
hw (10 K) [35, 38] 15.2 32 21.3 31 38.0
hw (4 K) [68] 15.1 35.2 20.7 33.7 38.3
Theory [68] 15.0 33.7 20.3 32.1 38.3

the present literature there exists a number of attempts to anal-
yse the experimentally observed phonon spectra. Two exper-
imental sets of phonon eigenfrequencies at low temperatures
of 10 and 4 K of the most detailed recent investigations in a-
RuCl; [35, 38, 68] together with the results of ab initio phonon
calculations [68] are documented in table 1.

Concerning the analysis of phonon properties derived from
optical experiments and reported in literature [35, 38, 68, 69],
a number of problems have to be mentioned. Depending on
sample shape and geometry, some experiments were only per-
formed in a scattering geometry with the incident light per-
pendicular to the molecular layers and hence, with the ac
electric field perpendicular to the crystallographic ¢ direction
(E¥ Lc) corresponding to modes of E, symmetry [35, 38]. In
these cases, phonons of A,, symmetry can only be observed
by slight misalignment of the sample, by a misalignment of
domains within a sample or these modes are disorder-induced
e.g., due to stacking faults. In addition, a precise analysis
of the eigenfrequencies and damping is hampered by strong
two- and multiple phonon processes, which are evident in
figure 9. In addition, spectra with E*_L ¢ show strongly oscil-
lating features, originating from interference effects between
in-coming and back-scattered light within the sample. This
effect is also clearly visible in figure 9. A detailed analysis of
multiple-phonon scattering has been given by Hasegawa et al
[68]. These authors characterize the strong absorption struc-
ture close to 75 meV as resulting from two or more phonon
processes. Despite these complications in the analyses of the
phonon spectra, a number of facts can be clearly stated: there
is very little temperature dependence of the observed phonon
eigenfrequencies despite the occurrence of a first-order struc-
tural phase transition from the high-temperature monoclinic
to the low low-temperature rhombohedral phase. In addition,
the experiments report the observation of 24,, and 3E, modes
(see table 1), consistent with the fact that the phonon properties
mainly are determined from a single molecular layer with D3,
symmetry. This fact also naturally explains the almost com-
plete absence of any temperature dependence of the phonon
eigenfrequencies.

In the absorption spectra documented in figure 9 only the
phonon mode close to 21 meV reveals significant changes
in eigenfrequency and damping clearly beyond experimental
uncertainties and it is the only phonon mode that is sensi-
tive to structural changes concerning symmetry and stacking
sequence. The temperature dependence of this mode has been
investigated in detail by Reschke er al [38] and is shown in
figure 10 presenting some representative transmission scans

for heating (figure 10(a)) and cooling (figure 10(b)). A well-
defined and narrow mode at 21.2 meV as observed at low tem-
peratures is characteristic for the low-temperature rhombohe-
dral phase, while an excitation at slightly lower frequencies at
20.7 meV with significantly enhanced width is the fingerprint
of the high-temperature monoclinic phase. It is unclear if the
increased width at high temperatures results from increasing
intrinsic anharmonicity, or just documents an increasing het-
erogeneity of the sample, e.g. an increasing number of stacking
faults on increasing temperature. Especially upon cooling, in
a wide temperature regime close to the structural phase tran-
sition, a clearly resolved double-peak structure indicates the
coexistence of the excitations characteristic for the two struc-
tures. The narrow phonon response with low damping in the
low-temperature rhombohedral phase signals a homogeneous
sample with well-defined stacking sequence. The very small
shifts when passing from the monoclinic to the rhombohedral
phase clearly indicate only minor distortions within a single
molecular layer and document that the honeycomb network
is barely influenced by changes of symmetry and stacking
sequence that occurred when passing the structural phase tran-
sition. It seems interesting to check the displacements of the
normal coordinates as obtained by the first-principles calcu-
lations of the IR active phonons at the I' point [68]. In this
lowest frequency E, mode close to 21 meV only the ions of
the chlorine network within the ab plane are involved. The
ruthenium ions are not displaced. Hence, the increased width
of this vibration in the monoclinic phase could indicate a
slightly distorted chlorine network, compatible with symmetry
considerations.

Very recently the low-energy (<10 meV) phonon prop-
erties of a-RuCls were studied using high-resolution inelas-
tic x-ray scattering techniques [70]. The main aim of this
study was to unravel the possible coupling of phonon modes
with itinerant and localized Majorana fermions. Astonish-
ingly, these authors report on the observation of two optical
phonon branches close to 3 and 7 meV, not reported so far
and not predicted by the published ab initio phonon calcula-
tions. Phonon excitations at similar frequencies were identi-
fied by THz experiments [71] but were interpreted as acoustic
modes at the zone boundary corresponding to rigid-plane shear
and compression modes (see section 3.4). More experimen-
tal and theoretical work seems necessary to unravel the nature
of these excitations and the existing discrepancies in their
interpretation.

3.3. Subgap electronic excitations

In this chapter we discuss the electronic excitation spectrum
of a-RuCls mainly focussing on local, on-site d—d excitations
for energies < 1 eV. In this compound, Ru*t exhibits a @°
electronic configuration, which has been extensively treated
in literature starting already more than 70 years ago [41, 42,
44,45, 49]. In an octahedral CEF, the ruthenium d levels split
into a lower #, triplet and an excited e, doublet. Due to strong
Coulomb forces, the CEF splitting in the title compound is
relatively large and of order 2 eV resulting in a low-spin config-
uration with a (de)’ ground state characterized by Lt = 1 and
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Figure 10. Temperature dependent transmission in o-RuClj at
energies close to the phonon mode at 21 meV. The
energy-dependent transmission is reported on crossing the structural
phase transition upon heating (a) and cooling (b). Note the extended
two-phase region visible in both temperature cycles, which extends
approximately from 120 to 160 K. The shift of the eigenfrequency
of this vibrational mode seems to be the only significant influence of
the monoclinic to rhombohedral phase transition on the phonon
properties. Reprinted figure with permission from Reschke et al
[38].

S = 1/2, corresponding to a hole in a triplet (figure 11(a)).
During the last 50 years there appeared numerous experimen-
tal reports dealing with the on-site d—d excitations in the title
compound as measured via MIR experiments [13, 35, 38, 47,
57, 68, 72]. These excitations are expected to be very weak, as
they are parity and spin forbidden and gain dipolar intensity
only via p—d coupling or via coupling to lattice vibrations.
Hence, these excitations can hardly be detected in reflectiv-
ity experiments and usually have to be studied in transmission
geometry. In all these reports, a number of excitations has
been observed in an energy range between 100 meV and 1 eV,
which were interpreted as being due to excitations from the
ground state into intermediate spin states of tﬁg e, character.
However, this interpretation is not in agreement with the results
of recent theoretical estimates. In the most detailed quantum-
chemistry calculations these excitations between the ground
state and the intermediate spin state in a-RuCl; appear at much
higher energies, well beyond 1 eV [73]. Only very recently this
discrepancy between theoretical prediction and experimental
observations has been consistently resolved by a combined
IR and Raman study by Warzanowski et al [56] explain-
ing the experimental results in terms of multiple spin—orbit
excitations, which will be discussed later.

Coming back to the electronic level scheme of a-RuCls,
as documented in figure 11(a) the ground state is a . triplet
with one hole. This electronic ground state is further split by
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Figure 11. Electronic level scheme of the spin—orbital excitation
spectrum of a-RuCls in an octahedral crystal field. (a): low spin #5,
ground state, forming a state with an effective angular momentum of
Les = 1 and spin § = 1/2. (b) SOC splits this ground state into a
lower doublet and an excited quartet. (c) Further e.g., trigonal
distortion yields three Kramers doublets separated by level spacings
A and A;. Reprinted figure with permission from Reschke et al
[38].

spin—orbit interactions into a J. = 1/2 ground state and an
excited J.i = 3/2 state, characterizing the title compound as
effective J = 1/2 compound, a prerequisite for the observation
of Kitaev-related physics. The onsite SOC A produces a split-
ting of the ground state A = 3/2\ (figure 11(b)). Please note
that this result is only correct in the limit of infinitely large
values of 10Dgq. At finite 10Dg values this splitting will be
slightly increased [74]. Furthermore, if the CEF deviates from
pure cubic symmetry and exhibits a trigonal or tetragonal dis-
tortion, the ground state will split into three doublets [49], with
energy levels of order Ay and A, as indicated in figure 11(c).
In the recent literature, the transition within the spin—orbital
split ground state usually is termed spin—orbit exciton. It is of
course closely related to local and on-site d—d excitations. This
spin—orbit transition is IR forbidden and only becomes visible
via coupling to phonons. This fact has to be taken into con-
sideration when excitation energies due to this SOC are com-
pared to Raman or neutron-scattering results. Rather conflict-
ing energies ranging from 145 up to 249 meV were reported
for the splitting A of the spin—orbit exciton, as determined
by Raman [47, 75], inelastic-neutron scattering [48], and Ru
M-edge RIXS experiments [54, 55]. Ab initio electronic struc-
ture calculations for a-RuClj predicted a SOC constant of A =
154 meV resulting in a doublet-quartet splitting A = 231 meV
[18]. The reported values for the possible trigonal splitting
A, — Ay, are even more controversial and literature values
range from 10 to 100 meV: from the analysis of the anisotropy
of the magnetic susceptibility Kubota et al [14] estimated that
the trigonal splitting is of the order of the SOC. Quantum
chemistry deduced a trigonal splitting to be of order 1/2 of the
SOC [73]. From RIXS experiments the splitting was estimated
to be < 65 meV [54] and finally Agrestini ef al [52] determined
avalue of 12 meV from a detailed analysis of x-ray absorption
results. As documented in chapter 2.2, from a detailed anal-
ysis of the magnetic susceptibility a splitting of 51 meV was
determined [46].



J. Phys.: Condens. Matter 33 (2021) 443004

Topical Review

0.3

0.2

0.1

295K

0.0

1 1 g
600 800 1000

ho (MmeV)

7
400

Figure 12. Transmission 7 in a-RuClj for photon energies from
150 meV to 1 eV. As the eigenfrequencies of the transmission bands
only weakly depend on temperature, transmission spectra are shown
at 10 and 295 K only. The solid lines represent fits of the
transmission profile using Lorentzian-type fits. The vertical arrows
indicate excitation energies at 10 K for the four bands that have been
assumed in these fits (see text). Reprinted figure with permission
from Reschke ef al [38].

Exemplary transmission spectra of a-RuCl; in the MIR
regime are given in figure 12. Here results are shown for ener-
gies between 100 meV and 1 eV at 10 and at 300 K [38].
These spectra document the three dominant absorption pro-
cesses, which are observed at energies close to 300 meV and
at about 530 and 750 meV in good agreement with published
results from different groups [13, 47, 57, 68, 72]. The two
lower-frequency excitations are also revealed in the loss and
conductivity spectra, figures 7(b) and (c). Reschke er al [38] fit-
ted these transmission spectra assuming Lorentzian excitation
profiles. The results are indicated as solid lines in figure 12.
At room temperature, these fits revealed the main electronic
absorption bands to be centred at eigenfrequencies of 277, 542
and 752 meV, with characteristic line widths of 15, 137 and
276 meV, respectively. At 10 K, these absorption bands are
located at 294, 536 and 740 meV with damping factors of 11,
111 and 224 meV. The shoulder in the spectra, which appears
on the low-frequency wing of the second absorption line, was
analysed in [34], but is neglected in this review in the further
discussion.

On cooling, the lowest frequency band undergoes a signif-
icant blue shift of ~ 17 meV, a hallmark of electronic transi-
tions coupled to vibronic states. So far these absorption bands
were interpreted taking transitions from the ground state to
intermediate spin states into account, which however, is in
clear disagreement with theoretical modelling utilizing quan-
tum chemistry methods [73]. In a recent work, by combining
IR and Raman spectroscopy Warzanowski et al [56] presented
a convincing analysis of this spectral range trying to resolve
this existing controversy. According to their interpretation, the
first absorption band close to 300 meV corresponds to the
spin—orbit exciton with a level separation A. It will only be
IR active by coupling to phonons, which is in accord with the
observed strong blue shift on decreasing temperatures and the

1

strong overall temperature dependence of the observed absorp-
tion. The absorption bands at higher energies, close to 540 and
750 meV correspond to multiple spin—orbit excitations and
correspond to double and triple spin orbitons [56]. In this inter-
pretation, the spin—orbit exciton is an on-site excitation from
the Jer = 1/2 ground state to the Jo = 3/2 excited quartet.
The peak at 540 meV is a double spin—orbiton and involves
the exchange of two holes between adjacent sites, while the
peak at 750 meV is a triple process and also involves hopping
between second-nearest neighbours [56].

Hence, the absorption as documented in figure 12, which
is observed at energies of 277 meV at room temperature and
at 294 meV at 10 K, is the relevant spin—orbit excitation. Its
excitation energy corresponds to the relevant SOC A = 3)\/2,
asindicated in figure 11(b) enhanced by the energy of a phonon
excitation. As can be seen in figure 8, the highest phonon den-
sities in a-RuCl; are located between 25 and 40 meV. Using
these approximate values of phonon energies and using hand-
waving arguments, one arrives at a level separation due to SOC
A ~ 260meV corresponding to a SOC constant A ~ 170 meV.
The splitting of the excited quartet due to a trigonal distortion
must be so small, that it cannot be resolved within the experi-
mentally observed line width. Depending on temperature, the
damping constants of the spin orbiton range between 11 and
15 meV, which should correspond to an upper bound of the
level splitting. Hence, it seems that any deviation of the octa-
hedral crystal field from cubic symmetry in a-RuCl; must be
rather small. This conclusion is in agreement with recent x-ray
absorption results [52] providing a value of 12 meV for the
splitting of the excited quartet. This spin—orbit excitation has
been analysed in much more detail by Warzanowski et al [56].
Their analysis yields a SOC constant A ~ 175 meV and a value
of the trigonal splitting of order 60 meV. These results, how-
ever, are not in good agreement with neutron scattering [48§]
and Raman results [47] yielding significantly lower coupling
constants of order 130 and 97 meV, respectively, a fact that
cannot be settled at present and asks for further experiments to
resolve these conflicting findings.

Very recently the spin—orbit excitation spectrum in -
RuCl; was investigated by Raman spectroscopy mainly
focussing on the thickness dependence of the electronic struc-
ture utilizing exfoliated samples starting from bulk down to
the mono-layer regime [75]. In thicker samples the authors
observed two well-separated peaks at 249 and 454 meV, which
they ascribe in accordance with the work of Warzanowski
et al [56], as single and double spin orbiton. Astonishingly,
both peaks remain visible down to the monolayer thickness
and both excitations exhibit a continuous red shift on decreas-
ing thickness. The authors conclude that the Mott insulat-
ing Je = 1/2 state remains stable even in the monolayer
limit [75].

3.4. THz excitations: continua of fractionalized spin
excitations and rigid-plane phonon modes

As pointed out earlier, the 2D Kitaev model [2] charac-
terized by bond-dependent interactions, describes a QSL
and is exactly solvable via the fractionalization of quantum
spins into two types of Majorana fermions: Z, fluxes and
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itinerant fermions. At present, a-RuCl; probably provides the
best experimental realization of this model available so far
[76, 77]. However, long-range magnetic order evolves in zero
magnetic fields at ~ 6 K and hence, the title compound is only
proximate to the elusive Kitaev QSL. Due to the fact that the
pure Kitaev exchange K by far exceeds the magnetic ordering
temperature theoretical expectation predicts that the Kitaev-
type QSL survives at finite temperatures and can be studied
just above the onset of magnetic order [78]. On the other hand,
in-plane magnetic fields are an ideal tuning parameter, sup-
pressing long-range magnetic order and stabilizing a quantum-
disordered state just above a critical magnetic field B. ~ 7.0 T
[79-81]. Hence, also in this field regime of magnetic fields
within the ab plane a Kitaev-type spin liquid is expected to
be recovered. It is this field regime just beyond quantum crit-
icality the observation of a half-integer thermal quantum Hall
effect has been reported [63], providing strong support for
the existence of Majorana fermions and spin fractionalization
[64—66]. However, in recent literature there is an ongoing con-
troversy about the nature of the magnetic phases beyond the
critical field and specifically about the existence of an interme-
diate genuine QSL phase before the conventional field-induced
FM phase is reached [63, 82—84]. The existence of a Kitaev-
type QSL as a gapped topological phase of a-RuCl; would
require that as function of field two subsequent phase transi-
tions are crossed upon entering and leaving the QSL. How-
ever, no clear signatures of these transitions were identified in
recent studies using various thermodynamic probes [82, 84].
For a critical review sample quality certainly plays an impor-
tant role. Indeed, the sample dependence of the half-integer
thermal Hall effectin a-RuCl; was recently investigated, arriv-
ing at the conclusion that samples with the largest longitu-
dinal thermal conductivity show this quantum phenomenon
expected in the Kitaev model, while samples with smaller
thermal conductivity did not [85].

In scattering experiments utilizing neutrons or light as
experimental probes, it is expected that the theoretically pre-
dicted fractionalized excitations due to itinerant Majorana
fermions leave their fingerprint as characteristic broad con-
tinua up to temperatures comparable to the typical Kitaev
exchange, which in a-RuCls is expected to be of order
~ 100 K. There are numerous and detailed theoretical propos-
als to observe spin fractionalization in the dynamic response
in Kitaev-type spin liquids utilizing inelastic neutron scatter-
ing experiments [86—90], Raman techniques [91, 92], opti-
cal terahertz spectroscopy [90, 93-95], and resonant inelas-
tic x-ray-scattering experiments [96]. Indeed, broad continua
in a-RuCl; were reported in neutron-scattering measurements
[48, 81,97, 98], as well as in Raman [15, 34, 99] and terahertz
experiments [36, 38, 71, 100]. However, their interpretation
in terms of fractional excitations of the spin liquid remains
controversial and alternative scenarios have been developed
to explain these featureless excitation continua in terms of
strong magnetic anharmonicity and a concomitant breakdown
of well-defined magnon excitations [76, 101, 102]. Utilizing
optical spectroscopy, the analysis of the results in this energy
regime below 10 meV is hampered by the fact that in this

energy window additional phonon excitations due to rigid-
plane shear and compression modes are expected, which are
characteristic for strongly 2D systems built of well-defined
molecular layers, as e.g. multilayer graphene [60—62].

Figure 13 shows the energy dependence of the real part
of the dielectric constant and of the real part of the dynamic
conductivity, which is proportional to the dielectric loss times
frequency, in a-RuCl; as measured by terahertz spectroscopy
in transmission experiments in normal incidence for ener-
gies between 2 and 14 meV. These data have been taken at
a series of temperatures between 4.5 and 300 K on heating
[71]. Both quantities document the extremely weak dipolar
strength of all excitations in this energy regime. The continu-
ous decrease of the dielectric constant with decreasing energy
results from contributions of high-energy phonons beyond
15 meV (see table 1). At the lowest temperatures, the con-
ductivity spectra as shown in figure 13(b) are dominated by
a well-defined excitation at ~ 2.5 meV, a broad continuum
centred around 8.5 meV with a width exceeding 5 meV, and
a strong increase beyond 12 meV. This conductivity increase
towards higher energies originates from the A,, phonon mode
located just above 15 meV (see table 1). An additional weak
excitation close to 6 meV strongly overlaps with the contin-
uum and can hardly be identified. The excitation features at
the lowest and highest frequencies in the conductivity spectra
are barely temperature dependent, while the continuum mode
steadily decreases with increasing temperature and finally van-
ishes beyond 200 K. At room temperature, the continuum is
completely suppressed. From this significant difference in the
temperature dependence, it becomes immediately clear that the
two excitations at ~ 2.5 and 15 meV are of phononic origin,
while the broad continuum obviously is of magnetic origin
and points towards the existence of fractionalized spin exci-
tations. Notably, an important detail of figure 13(b) has to be
mentioned: comparing the conductivities as observed at 4.5
and 10 K, the conductivity at 2.5 meV is slightly enhanced in
the magnetically ordered phase at 4.5 K, while it seems to be
slightly decreased in the PM phase at 10 K. This fact points
towards the shift of dipolar strength from low frequencies
towards higher frequencies, and can be interpreted as the shift
of magnon intensity in the magnetically ordered phase to the
broad continuum in the PM phase, as will be discussed later in
more detail.

These conductivity spectra as documented in figure 13 have
been analysed in detail by Reschke et al [71] and the most
prominent result of this analysis is reproduced in figure 14. In
this analysis the conductivity spectra were decomposed into
three phonon modes, located at 2.5, 6 and 15 meV and a broad
continuum centred around 8.5 meV. The two lowest phonon
modes correspond to rigid-plane shear (S) and compression
(C) modes of rigid molecular layers as have been observed in
strictly 2D systems, e.g., in multilayer graphene [60-62]. In
the ab initio phonon calculations of a-RuClj these eigenfre-
quencies correspond to phonon branches at the zone bound-
ary, specifically at the A point of the Brillouin zone, which
is along the stacking direction of the molecular layers (see
figure 8). In terahertz spectroscopy, these modes probably can
be observed via disorder of the stacking or via back folding of
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Figure 13. Energy dependence of (a) the dielectric constant &’ and
(b) the dynamic conductivity ¢’ in a-RuClj in the terahertz regime
for temperatures between 4.5 and 300 K. These data were taken in
transmission in normal incidence upon heating. All the spectra
shown were corrected for multiple scattering effects. Reprinted
figure with permission from Reschke et al [71]. Copyright (2021)
from the American Physical Society.

zone-boundary intensities due to the ABC stacking sequence
of the rhombohedral phase.

As noted earlier, in a recent work utilizing high-resolution
x-ray scattering techniques, optical phonon modes close to
3 and 7 meV propagating within the honeycomb plane were
reported intercepting with the acoustic modes [70]. These
eigenfrequencies are in good agreement with the phonon
modes reported by Reschke et al [71], which are shown in
figure 13. However, in the latter work these modes were inter-
preted as acoustic modes at the zone boundary propagating
along the stacking direction of the layered structure. It also
has to be noted that these optical modes reported in reference
[70] are not predicted by ab initio calculations and much more
experimental and theoretical work will be needed to clarify the
nature of these modes.

In analysing these terahertz results a question remains con-
cerning the difference of the absorption of the title compound
in magnetically ordered compared to the PM phase. As is doc-
umented in figure 13, this difference is minor, however, vis-
ible when comparing the conductivities at 4.5 and 10 K. To
identify possible magnetic dipolar excitations due to scatter-
ing from magnons, Wang et al [36] normalized the exper-
imentally observed absorption spectra to 60 K. This tem-
perature is far above the onset of magnetic order and well
below the structural phase transition and it seems reasonable
to argue that the dynamic conductivity in this temperature
regime is not influenced by neither of these transitions. In
addition, due to the expected weak temperature dependence
of phonons, which are clearly visible in this energy range (see
figures 13 and 14), phonon intensities will play no role using

Figure 14. Energy-dependent dynamic conductivity in a-RuCls.
(a) Real part of the conductivity at temperatures between 10 and 200
K. The solid lines represent fits as described in the text.

(b) Deconvolution of the conductivity spectrum at 10 K, using three
phonon excitations S, C, and P located at 2.5, 6, and 15 meV and a
broad continuum K close to 8.5 meV. The phonon modes close to
2.5 and 6 meV are sliding (S) and compression (C) modes of rigid
molecular RuCl; layers, as schematically indicated in (b). The
phonon mode P is located at ~15 meV and is of A, symmetry (see
table 1). Reprinted figure with permission from Reschke et al [71].
Copyright (2021) from the American Physical Society.

this normalization procedure. The results are documented in
figure 15. Here the absorption coefficient as measured in a-
RuCl; at low temperatures crossing the magnetic phase tran-
sition at ~ 6 K is plotted vs energy between 1 and 9 meV
and has been normalized to 60 K. Rather impressingly, this
figure documents the build-up of continuum intensity around
6 meV, which slightly shifts to lower energies on decreasing
temperature. The maximum absorption coefficient is observed
at 10 K and then slightly decreases in the magnetically ordered
phase. At the same, time a well-defined magnon peak devel-
ops at fiw ~ 2.5 meV, which can be easily identified at
4.5 K. In the conductivity spectra as documented in figure 13
this magnon peak is hidden by the strong intensity due to the
rigid-plane shear mode, located at the same energy. Due to the
weak temperature-dependent intensity of this phonon excita-
tion, the magnon mode becomes clearly visible in the nor-
malized spectra. Figure 15 also clearly documents that the

continuum intensity becomes suppressed with the onset of
magnetic order and dipolar strength is shifted from the con-
tinuum towards the one-magnon excitation. These results per-
fectly well compare with those obtained from quasielastic
and inelastic neutron-scattering experiments. Banerjee et al
[97] identified a continuum with a maximum close to 5 meV
extending up to 15 meV. In the magnetically ordered state,
the continuum is reduced and its intensity is transferred to
one-magnon excitations, similar to the findings documented
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Figure 15. Evolution of the absorption-coefficient spectra with
decreasing temperature below 60 K, with the 60 K spectrum taken
as reference. These spectra were measured with the terahertz wave
vector perpendicular to the crystallographic ab plane. A broad
continuum extending over the whole spectral range evolves with
decreasing temperatures down to 7'N. Below 7'y, spectral-weight
transfer to lower frequencies appears, with a well-defined magnon
peak developing at hw ~ 2.5 meV. The oscillations are due to
multiple interference at the sample surfaces. Due to the
normalization procedure phonon intensities will play no role in this
temperature regime. Reprinted figure with permission from Wang et
al [36]. Copyright (2021) from the American Physical Society.

in figure 15. Do et al [98] detected a continuum again extend-
ing up to 15 meV, which vanishes roughly at 150 K, simi-
lar to the results from terahertz spectroscopy documented in
figures 14 and 15. We think that these results indeed do pro-
vide striking experimental evidence in favour of fractionalized
excitations. If interpreting them in terms of anharmonicity and
a concomitant breakdown of one-magnon excitations [76, 101,
102], it remains to be explained why the continuum shows
maximum intensity just at the onset of the PM phase and why
there remains a well-defined magnon mode visible close to 2.5
meV, which obviously is fed by a decrease of the continuum
with the onset of the magnetically ordered phase. The temper-
ature dependence of the absorption coefficient in a-RuClj as
documented in figure 15 seems to contradict the interpretation
in terms of a one-magnon breakdown: the well-defined one-
magnon mode for 7 < Ty completely vanishes when enter-
ing the PM phase. At the same time the continuum intensity
gains considerable optical weight and exhibits a maximum
well above Ty.

Guided by the fact that beyond a critical in-plane mag-
netic field of ~7 T the long-range AFM order becomes sup-
pressed and the system enters into a PM spin-polarized phase,

it certainly is worthwhile to investigate the terahertz absorp-
tion spectra as function of increasing in-plane magnetic fields
crossing quantum criticality. As outlined earlier, this is the
field regime where a half-integer thermal quantum effect has
been reported [63] and hence, a Kitaev-type QSL phase can
be expected [64, 65]. Again we would like to recall that the
controversy about observation of an intermediate spin-liquid
phase before the spin-polarized phase is reached, still has to
be settled [82—84]. The results of terahertz absorption exper-
iments with ac magnetic fields hA“ parallel and perpendicu-
lar to the external magnetic field as published by Wang et
al [36] are documented in figure 16. Results are shown for
photon energies from 2 to 10 meV and for increasing exter-
nal magnetic fields up to 15 T crossing the critical magnetic
field B. at 7 T. In both polarization directions and low mag-
netic fields, a well-defined one-magnon mode can be observed,
which appears close to 2.5 meV in zero fields and softens
for ac fields h. parallel to the external magnetic field and
slightly increases in excitation energy for ac fields perpendicu-
lar to the magnetic field B. Most interestingly, just at quantum
criticality (~7 T) the complete spectral range investigated is
dominated by a broad scattering continuum without any well-
defined magnon modes. This field range without any indication
of one-magnon excitations, seems a good candidate to charac-
terize the Kitaev-type QSL regime before the field-polarized
PM phase is reached for in-plane magnetic fields > 8 T. How-
ever, despite the fact that the observation of a broad continuum
only speaks in favour of a QSL, these experiments are not
detailed enough to allow final conclusions about the existence
of one or two critical fields between the AFM and the PM
phase. With further increasing magnetic fields, well beyond
the quantum-critical point, a number of well-defined magnon
modes appear and gain spectral weight with increasing fields
reaching the fully field-polarized PM phase.

Later on, these absorption spectra in the field-polarized
phase were measured up to external fields of 33 T. These
results, which are taken from Sahasrabudhe er al [103], are
documented in figure 17. The larger field range allows one
to characterize the nature of the observed excitations. In this
respect, an important quantity is the slope of the excitation
energies E of the modes as function of magnetic fields given
by dE/(updB): in the high-field limit this yields an effective
g value multiplied by the change AS of the spin vector [103].
Based on the terahertz results in a-RuCls shown in figure 16,
the reported slope values ~10, which were observed near the
critical field, were discussed as possible evidence for frac-
tionalized excitations [36] and it seems important to analyse
the evaluation of the dispersion slopes of these excitations at
higher external magnetic fields. Utilizing high-field experi-
ments in the title compound, two well defined excitations can
be observed up to external fields of 33 T. As documented in
reference [103] the slopes of the observed eigenfrequencies as
function of external field continuously decrease on increasing
fields, and, thus, the effective g values continuously drop from
values around 8 at 10 T [36] to values of about 3 at 30 T [103].
Focussing on the m;, mode, Sahasrabudhe et al [103] analysed
the data over the complete magnetic-field range and extracted
an asymptotic g value ~ 2.5, confirming that the m,,, evolves
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Figure 16. Terahertz absorption spectra of a-RuCl; measured at 2.4 K at a series of in-plane magnetic fields, below and above the critical
magnetic field B, ~ 7 T. These spectra were taken with the terahertz wave vector perpendicular to the crystallographic ab plane. (a) Ac
terahertz magnetic field parallel (h“||B) and (b) perpendicular to the external magnetic field (h* LB), respectively. All the spectra shown
were normalized to the absorption spectra observed at 10 K in the PM phase. The spectra are shifted vertically for clarity. The arrows
indicate low-energy magnetic excitations with sharp absorption lines, while the asterisks mark high-energy excitations with strongly
enhanced line width, most probably indicating two-magnon responses. At the critical field, a broad continuum is observed that extends over
the whole spectral range. Above the critical field B, a number of well-defined excitations emerge out of the continuum. Reprinted figure
with permission from Wang et al [36]. Copyright (2021) from the American Physical Society.

into the AS = 1 spin-flip excitation in the infinite-field limit. At
high fields, these authors observed a broad intensity maximum
indicated as my,, in figure 17, which has approximately twice
the energy of m,,. This assignment identifies the broad band
my, as a multi-particle continuum consisting predominantly
of two-particle excitations. The excitation assigned by m,, in
figure 17 was identified as a two-particle bound state [103].
The authors of reference [103] summarized their observed
Raman and THz results concluding that the high-field phase in
a-RuCl3, which emerges beyond quantum criticality through
the suppression of AFM order, is neither a QSL nor a fully
field-polarized state, but is rather quantum disordered charac-
terized by partial field alignment of the coupled spin—orbital
moments. These authors report no clear experimental evidence
for an intermediate true QSL phase. The high-field phase in
this work was spectroscopically characterized by well-defined
single-particle excitations and a multi-particle continuum, out
of which a two-particle bound state emerges. Similar high-
field Raman experiments were performed by Wulferding et
al [99] again aiming to find and spectroscopically character-
ize an intermediate QSL phase. These data were interpreted
as low-energy quasiparticles emerging from a continuum of
fractionalized excitations close to the quantum-critical point

and the temperature evolution of the detected quasiparticles
implied the formation of bound states out of fractionalized
excitations.

4. Thermodynamic evidence of fractionalized
excitations

As outlined earlier in the introductory section, an exact solu-
tion of the bond-dependent Kitaev model can be obtained by
fractionalization of quantum spins S = 1/2 into two different
types of Majorana fermions: Z, fluxes and itinerant fermions,
the former being localized on each hexagon of the honeycomb
lattice, the latter forming propagating fermionic quasiparti-
cles. Theory and model calculations predict clear hallmarks
of excitations of these fractionalized spin degrees of freedom
in the temperature-dependent heat capacity on well-separated
temperature scales [89, 93, 104—108]. In principle the ther-
modynamic signature of all Kitaev models is a distinct two-
peak structure as function of temperature. In the ground state,
the Z, fluxes are frozen in the topologically ordered QSL and
fluctuations can excite localized Majorana fermions. On fur-
ther increasing temperatures, also itinerant quasiparticles will
be activated. These two classes of excitations release their
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Figure 17. Unpolarized transmission spectra of a-RuCls utilizing
terahertz spectroscopy with the terahertz wave vector perpendicular
to the crystallographic ab plane as observed at 2 K for a series of
in-plane magnetic fields B between 14 and 33 T. Magnon modes are
indicated by vertical arrows, stars indicate a two-magnon excitation
(see text for details). Reprinted figure with permission from
Sahasrabudhe er al [103]. Copyright (2021) from the American
Physical Society.

entropy successively in two steps at well-separated temper-
atures: the first peak appears close to ~0.01 of the Kitaev
exchange K and represents a local excitation. At higher tem-
peratures a continuum of itinerant Majorana fermions will
broadly peak around temperatures that correspond to energies
of the order of the Kitaev exchange. These characteristic fea-
tures in the temperature-dependent heat capacity seem to be
rather robust and should appear, depending on theoretical mod-
els and parameters used, close to ~1 K and between 30 and
50 K (see e.g., reference [108]) for localized and itiner-
ant Majorana fermions, respectively. In a-RuCl;, the lower
anomaly, due to localized Majorana fermions will compete
with magnetic ordering processes and can probably only be
studied in finite magnetic fields beyond the quantum-critical
point. However, the high-temperature anomaly due to itinerant
Majorana fermions should be easily accessible. As theoret-
ically predicted, at both anomalies the entropy of 0.5 RIn2
will be released, where R is the gas constant. This amount of
entropy should be easily observable in high-precision specific-
heat experiments. However, the analysis of the data will
strongly depend on the phonon background, which has to be
subtracted and it is necessary to involve measurements of non-
magnetic reference compounds or to perform realistic calcu-
lations of the pure phonon contributions. Attempts to exper-
imentally determine the intrinsic magnetic heat capacity in
a-RuClj are described in detail in reference [39]. So far, in
the most detailed studies of the magnetic heat capacity in the
title compound, either ScCl; [14, 98, 109] or RhCl; [39] were
used as non-magnetic reference compounds. However, up to
now there is only rough consensus about the temperature of the
maximum of the high-temperature peak due to itinerant Majo-
rana fermions: Widmann et al [39] reported a peak maximum
close 70 K, Do et al [98] locate this maximum close to 100 K,

while Kubota et al [14] and Hirobe et al [109] find a broad and
less defined maximum in a temperature range between 80 and
100 K. In addition, it has to be critically mentioned that sample
quality, the appearance of the structural phase transition and
the correlated magnetic phase-transition temperature proba-
bly also influence the exact location of this high-temperature
anomaly in the title compound.

To document the difficulties to determine the intrinsic mag-
netic heat capacity of a-RuCls we discuss the procedure
of Widmann et al [39]. These authors tried to accomplish
conclusive analysis of the phonon properties by performing
additional measurements on the non-magnetic reference com-
pound RhCl;. The obtained results of both compounds were
analysed by detailed ab initio phonon calculations, specifi-
cally to get a microscopic understanding of the experimen-
tally observed difference in the temperature dependent heat
capacities of both compounds. A representative result of the
temperature-dependent heat capacity of a-RuCl; and RhCl;
is shown in figure 18 [39]. Both sets of measurements were
performed on heating. For clarity and presentation purposes,
the heat-capacity results are plotted as C/T vs temperature
on semilogarithmic scales. In this representation, the broad
hump in C/T at elevated temperatures is of the order of the
Debye temperature. Focussing on the heat capacity of a-RuCl;
(open blue circles), Widmann et al [39] find the anomaly
of the magnetic phase transition close to 6 K, and a sharp
transition at 163 K (on heating), indicative for a first-order
structural transition from the low-temperature rhombohedral
to the high-temperature monoclinic phase (for more details
and for the hysteretic behaviour of this phase transition see
also figure 6). The small shoulder just at the onset of the mag-
netic heat-capacity anomaly probably signals a minor fraction
of the sample with a different stacking sequence. In addition,
figure 18 shows the heat capacity of the non-magnetic refer-
ence compound RhCl; (open green diamonds). In the peri-
odic table of elements, rhodium comes next to ruthenium and
from the atomic masses the compounds are definitely com-
parable. At room temperature the rhodium compound crys-
tallizes in the monoclinic Cy,, structure [110] and obviously
does not undergo a monoclinic to rhombohedral phase transi-
tion at lower temperatures. Hence both heat capacity anoma-
lies characteristic for a-RuCl; are missing in RhCl;. As has
been detailed earlier in section 3.2, phonon eigenfrequencies
can be reliably described assuming a molecular stack of D3,
symmetry and the layering sequence should play a minor role
only. However, the heat capacities are significantly different,
much more than can be expected from the mass-factor renor-
malization alone. The shift of the high-temperature maximum
of the heat capacity in C/T representation already signals that
the Debye temperature is enhanced in RhCl; compared to
the isostructural ruthenium counterpart, pointing towards an
increased inter-atomic bonding strength of the rhodium com-
pared to the ruthenium compound. A realistic description of
the temperature dependent heat capacity of the rhodium com-
pound utilizing a Debye—Einstein model [39] is indicated in
figure 18. To get a realistic estimate of the phonon proper-
ties of the two compounds, Widmann et al [39] performed
ab inito phonon calculations, with the results reproduced in
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Figure 18. Temperature dependence of the heat capacities of
a-RuCl; (open blue circles) and of the non-magnetic reference
compound RhCl; (open green diamonds) plotted as C/T vs
temperature up to 300 K on a semi-logarithmic plot. Both sets of
measurements were performed on heating. The measured heat
capacity of the rhodium compound is fitted by a Debye—Einstein
model (red solid line). To get an estimate of the correct phonon
background of the title compound, the heat capacity of the rhodium
compound has to be temperature rescaled by a factor of 0.92.
Reprinted figure with permission from Widmann et al [39].
Copyright (2021) from the American Physical Society.

figure 8. Indeed, the phonon eigenfrequencies in the rhodium
compound are significantly enhanced compared to a-RuCls,
confirming the supposed enhanced bonding strength. The
authors concluded that, to arrive at a proper description of the
ruthenium compound, it is necessary to temperature rescale the
rhodium results by a factor of 0.92. This temperature-scaled
phonon background, which takes into account the enhanced
Debye temperature of RhCl3, was used for a-RuCl; for zero
external magnetic field and subsequently for all fieldsupto 9 T
[39]. Interestingly, the heat capacity measured in the rhodium
compound at low temperatures strictly follows a 7° depen-
dence at least for temperatures 7 < 10 K (see later), expected
for a 3D lattice, despite the fact that this is a strongly lay-
ered 2D compound with very weak interlayer vdW interactions
and despite the fact that the phonon properties, as outlined
above, can be calculated using a single molecular layer. The
dominating 3D character of the temperature dependent heat
capacity probably results from prominent acoustic-like rigid
plane shear and compression modes at lower temperatures as
outlined earlier.

The resulting magnetic heat capacity of a-RuCls, obtained
by subtracting this temperature-scaled phonon contribution
as derived from measurements of RhCl; is documented in
figure 19 [39]. Focussing on the magnetic heat capacity at zero
external magnetic field, we see the well-defined heat-capacity
anomaly at the magnetic phase transition close to 6 K and a
subsequent broad hump at ~ 70 K. Indeed, this broad hump
could correspond to the predicted fractionalized excitations
due to itinerant Majorana fermions. A further fingerprint of
the fermionic character of the heat capacity would be a lin-
ear increase of the heat capacity when approaching this sec-
ond maximum, which was predicted theoretically [93, 111]
and has been experimentally reported [98] but is not been
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Figure 19. Excess heat capacity AC of a-RuClj; plotted vs the
logarithm of temperature for a series of magnetic in-plane fields
between 0 and 9 T. Even beyond quantum criticality (> 7 T), a
two-peak structure is clearly visible with peaks close to 10 and

70 K. Despite the fact that the peak at 10 K looks like a reminder of
the AFM phase transition, it obviously has changed character as
long-range AFM magnetic order is fully suppressed close to 7 T.
Reprinted figure with permission from Widmann et al [39].
Copyright (2021) from the American Physical Society.

observed in the experiments by Widmann et al [39], as doc-
umented in figure 19. The A-type anomaly at 6 K indicat-
ing the onset of AFM order certainly results from canonical
spin degrees of freedom. Hence, the observed behaviour as
documented in figure 19 resembles the proposed theoretical
crossover scenario from a magnon-like behaviour at low tem-
peratures to fractionalized spin degrees of freedom at elevated
temperatures [78].

For a closer analysis of the heat capacity it certainly is nec-
essary to calculate the entropy, which is released in a-RuCl;
at the two subsequent specific-heat anomalies. The results
are documented in the inset of figure 19. Indeed, the entropy
release at the second hump located around 70 K, is consis-
tent with a value of 0.5 RIn 2, which is the model prediction
for the entropy release due to itinerant Majorana fermions. It
has to be critically remarked that the entropy release at the
AFM phase transition is much less than expected for a spin
S = 1/2 system. A further proof of model predictions with
respect to the Kitaev QSL is provided by investigations in
external in-plane magnetic fields when AFM order becomes
suppressed and a quantum-critical point is crossed. Represen-
tative results in magnetic fields of 5.5 T (yellow circles) and
9 T (green circles) are included in figure 19. Please note that
quantum criticality is reached close to 7.5 T. At 5.5 T the
AFM ordering transition is slightly shifted to lower temper-
atures, with a concomitant slight decrease of entropy. How-
ever, at 9 T magnetic order becomes fully suppressed and the
heat capacity reveals two broad humps close to 10 and 70 K.
The first hump seems to be significantly enhanced compared
to the temperature scale of AFM order. The second hump is
not significantly influenced and seems to be independent of
moderate magnetic fields. Certainly one is tempted to assign
these two humps to model predictions of the heat capacity.
However, experimentally both humps appear at temperatures



J. Phys.: Condens. Matter 33 (2021) 443004

Topical Review

4

" T ]
== Modified ab initio model

3.5 ®  Exp.data

3
25
2
15
1
05 _
0 L

§
3
-

C(T) [3/mol - K]

i e

10
TIK]

100

Figure 20. Magnetic specific heat in zero magnetic field as
calculated in a modified ab initio model in reference [108]. The
brownish solid line shows a model calculation of the magnetic
specific heat in a-RuCls compared with the experimental data
represented in figure 19 following reference [39]. The shaded region
shows the estimated standard deviation. Reprinted figure with
permission from Laurell and Okamoto [108].

enhanced compared to predictions of the Kitaev model with
realistic parameters [108]. This is specifically true for the
lower anomaly, which theoretically is predicted at tempera-
tures K/100 ~1 K. In addition, the entropy release at the lower
anomaly, whichis < 0.2 RIn 2 (see inset figure 19), is much too
low compared to model predictions, where an entropy release
of order 0.5 RIn2 is expected. As documented in the inset
of figure 19, only a small fraction of this predicted entropy
appears up to 10 K.

Laurell and Okamoto [108] have published a detailed com-
parison of model predictions within the Kitaev QSL with neu-
tron scattering and thermodynamic experiments. They used
a variety of parameters proposed in literature to describe a-
RuCl;. With respect to the thermodynamic results as docu-
mented in figure 19, using realistic parameters for the title
compound results in two heat capacity anomalies, the lower of
which appears at significantly lower temperatures compared
to the experimental results [108]. However, utilizing a modi-
fied ab initio model these authors were able to approximately
describe the experimental results of Widmann et al [39]. This
comparison is documented in figure 20 for zero external mag-
netic fields [108]. The agreement between theory and experi-
ment would be even much better for the 9 T results. Further
theoretical work seems necessary to establish this quantita-
tive agreement between theory and experiment of excess heat
capacity and entropy release.

Finally, we would like to discuss specifically the low-
temperature properties of the title compound as function of
external fields. Two important questions have to be solved:
(i) if there exist a QSL separating the AFM phase from the
field-polarized paramagnet just beyond quantum criticality and
(i1) if the low-temperature peak as observed at 9 T and docu-
mented in figure 19, can be explained as an anomaly due to
localized Majorana fermions. Detailed low-temperature stud-
ies of the heat capacity on increasing magnetic fields cross-
ing the quantum-critical point were performed by Wolter et
al [112] and Kasahara et al [63]. The detailed temperature

0.6

C (J mol" K

0.0 ;
_ 9 T Ea oo

. | T=3K 2 14 11t %o, .
Y b oo o 3 . %
e 12} @9 ] “ o > b
= 9o " 1S o,
S - 12 % S0t Too5k s
o 8 0 - T=25K 4
e RhCI
- 8
?
o
~
N
m|_ 4
=
O

Figure 21. Temperature dependent heat capacity of a-RuClj at
temperatures around the magnetic phase transition for a series of
in-plane magnetic fields. (a) Temperature dependence of heat
capacity as measured for external fields between 0 and 9 T. The inset
shows the field dependence of the two anomalies in C(T').

(b) Temperature dependence of heat capacity for the same magnetic
fields plotted as C/T>. The heat capacity of RhCl; is also indicated.
The left inset in panel (b) shows the field dependence of c/T?
determined at 3 K. The right inset in panel (b) shows the field
dependence of the entropy measured at 25 K. Reprinted figure with
permission from Widmann et al [39]. Copyright (2021) from the
American Physical Society.

dependence of the low-temperature heat capacity has been
investigated in reference [43] down to 0.4 K. These authors
found a temperature scaling of the heat capacity following
a power of approximately 2.5 and they identified a strongly
temperature-dependent energy gap, almost closing when AFM
order becomes fully suppressed, while the authors of reference
[63] reported the heat capacity of a-RuCl; in the sub-Kelvin
regime and found roughly a 7° scaling of the heat capacity
just beyond quantum criticality. Finally, Widmann et al [39]
published detailed heat-capacity experiments around the AFM
phase transition down to 2 K for a series of external mag-
netic fields across the quantum-critical point. Their results are
reproduced in figure 21.

Figure 21(a) documents the field dependence of the heat-
capacity anomaly for temperatures between 2—10 K in exter-
nal magnetic fields up to 9 T, well beyond the suppression of
long-range magnetic order. On increasing fields, the anomaly
at the AFM phase transition continuously shifts to lower tem-
peratures and increasingly becomes broader and smeared out.
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At external fields of 7 T a broad maximum located around
5 K is the last reminder of the magnetic phase transition.
At even higher fields, just beyond the quantum critical point,
this broad maximum significantly shifts to higher tempera-
tures and at 9 T is located around 8.5 K. The resulting (H,
T) phase diagram of the low-temperature magnetic order,
which exists at temperatures below 6.4 K and at fields below
7.5 T is shown in the inset of figure 21(a) (red spheres). The
small precursor peak located at the high-temperature side of
the specific heat anomaly (orange spheres), exactly follows
this field-temperature dependence and probably results from
small volume fractions in the crystal with stacking faults. It
has been documented in numerous experiments that, e.g., mon-
oclinic samples with a slightly different stacking sequence
reveal magnetic phase transitions at significantly higher tem-
peratures. Figure 21(b) shows the same experimental results in
a C/T? representation in comparison with the low-temperature
specific heat of RhCl;, which follows exactly a Debye T°
behaviour in the low-temperature regime (< 10 K, see later)
as expected for a 3D behaviour of phonon excitations. At
the lowest temperatures, one can identify a minor upturn in
the C/T? dependence of a-RuCl; signalling a slightly weaker
decrease than C o T3. This finding seems to be in agree-
ment with the detected 77> power law at the lowest temper-
atures [112]. From these experimental results two conclusions
can be clearly drawn: neither the results presented in figure
21 nor the results published by Wolter e al [112] and Kasa-
hara et al [63] provide experimental evidence for the exis-
tence of a peak in the specific heat at low temperatures due
to excitations of localized Majorana fermions as theoretically
predicted [89, 93, 104-108]. At a temperature ~ 1 K one
expects that such excitations release entropy of order 0.5 R1n
2. This amount of entropy is not hidden in the low-temperature
excess heat capacity (cf right inset of figure 20(b)). The results
presented in figure 21 also allow no conclusions concerning
an intermediate QSL phase embedded between the AFM and
the spin-polarized PM phase. As documented in figure 21(b),
just beyond the quantum critical point there appears an instan-
taneous shift of the low-temperature anomaly from tem-
peratures of ~ 5 K below the quantum critical point to
~ 8.5 K above. This shift is documented in the left inset of
figure 21(b), where the C/T? value as measured at 3 K peaks
roughly at the quantum critical point and then significantly
decreases on further increasing fields. However, the entropy
released at this anomaly is significantly too low. This is true
for all fields investigated. It is too low to account for order-
ing of a spin S = 1/2 system at moderate magnetic fields and
it is too low for the entropy release indicative of localized
Majorana fermions. The entropy release up to 25 K as func-
tion of magnetic in-plane fields is plotted in the right inset
of figure 21(b). This entropy release, which is expected to be
of order 0.5 RIn2 ~ 2.88 J (mol K)~! is almost by a factor
of 3 too low, raising some doubts that this anomaly results
from the excitation of localized Majorana fermions. However,
in the low-field regime, where the samples still exhibit mag-
netic order, it is also much too low to account for the onset
of AFM order at T. Compared to the low entropy release

at the lowest temperatures, the entropy release at the sec-
ond high-temperature anomaly is of the theoretically expected
order: as is documented in figure 19, the entropy release of
the anomaly located around 70 K is of the order 0.5 RIn
2 as expected in the picture of Majorana-like fractionalized
excitations.

When crossing quantum criticality as function of external
magnetic fields, the heat capacity (left inset in the lower frame
of figure 21) shows a minor peak and the entropy exhibits
a continuous decrease, but both quantities are rather con-
tinuous functions of magnetic fields and do not show any
indications of an intermediate Kitaev-type QSL between the
AFM and the high-field PM (field-induced) FM phase. Based
on these bulk experiments there is no apparent intermediate
phase, leaving two possibilities, namely that it simply does
not exist, which of course would be in clear contradiction to
the observation of a fractionalized thermal quantum spin Hall
effect [63] or that these thermodynamic experiments measure
true bulk properties of the title compound, while the phase
transitions found in the thermal Hall conductance are rather
related to changes at the surface and are invisible in bulk
measurements.

5. Summary, conclusions and outlook

In this topical review on the thermodynamic and low-energy
(< 1 eV) optical properties of the proximate Kitaev-type spin-
liquid a-RuCl; we have provided an overview of some exper-
imental evidence for the existence of fractionalized spin exci-
tations as predicted in the frame work of the Kitaev model.
Before summarizing these results in favour of the importance
of Majorana fermions in this material, we would like to men-
tion a number of important facts characterizing the title com-
pound, which partly are controversially discussed in the recent
scientific literature: high-quality samples of this layered com-
pound with molecular honeycomb layers formed by the ruthe-
nium ions crystallize in the monoclinic C2/m structure and
undergo a monoclinic to rhombohedral structural phase transi-
tion at ~150 K, which is of strongly first order and exhibits a
broad hysteresis (see figure 6). The low-temperature structure
with an ideal ABC layering of the molecular stacks has the
higher symmetry. Due to the threefold symmetry of the rhom-
bohedral structure, the honeycomb network becomes more
regular and hence, should be closer to a Kitaev QSL. The
driving force for this structural phase transition, which is well
established in the chromium tri-halides and results in a slight
shift of the molecular stacks, is unclear at present. In a-RuCl;
this phase transition is accompanied by a significant decrease
of the lattice parameter ¢ ~ 0.3% along the stacking direc-
tion, indicating a denser packing of the molecular layers. The
AFM phase transition into the magnetic zig-zag structure in
crystals exhibiting the rhombohedral phase appears close to
6—7 K. The PM susceptibility is strongly anisotropic, char-
acterized by a FM CW temperature for the external mag-
netic field HLc and by an AFM CW temperature for H|c.
The magnetic g factors indicating a non-cubic CEF are of
order g; ~ 2.5 and g| ~ 2, in accordance with an effective
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Jeit = 1/2 ground state and a small splitting of the excited
Jetf = 3/2 quartet.

Each ruthenium ion within the 2D honeycomb lattice is
surrounded by six chlorine ions in octahedral symmetry and
the @ electronic structure of the title compound can best
be described by a low-spin (de)® configuration with a lower
fy, triplet and an excited e, doublet separated by ~ 2 eV.
The ground state in this configuration is characterized by
L = 1 and S = 1/2 corresponding to a hole in a triplet.
The ground state is split by SOC into a lower doublet with
Jeir = 1/2 and an excited quartet (see figure 11). The splitting
of the excited quartet due the non-cubic CEF is small and so
far was not resolved experimentally. The most reliable result
of this splitting was determined using x-ray absorption exper-
iments providing a value of ~ 10 meV [52], in reasonable
agreement with the analysis of magnetic susceptibility exper-
iments. Electronically, the title compound can be described
as Mott—Hubbard insulator with an optical band gap of order
1 eV. There is an ongoing controversy about the subgap elec-
tronic excitations, which finally has been resolved in a recent
work by Warzanowski er al [56] using combined FIR and
Raman experiments. Their analysis results in a level separation
of the spin—orbit split ground state by ~170 meV, resulting in a
SOC constant A ~ 115 meV. The subsequent electronic exci-
tations between 200 meV and 1 eV, which were observed in
a number of MIR transmission experiments (see figure 12),
were analysed and interpreted as multi-orbital excitations
coupled to phonons [56].

The phonon properties of the title compound were studied
in detail in references [35, 38, 68]. A summary of the phonon
eigenfrequencies is given in table 1. The five phonon modes
observed by FIR spectroscopy indicate that atomic vibrations
are mainly dominated by the D3, symmetry of a single molec-
ular layer. The phonon modes appear in an energy range from
10 to 50 meV (see figure 9). Higher excitations, specifically
a strong absorption band located around 75 meV results from
multi-phonon processes [68]. The structural phase transition
from the high-temperature monoclinic to the low-temperature
rhombohedral phase significantly affects the phonon mode of
E, symmetry close to 21 meV only (see figure 10). The very
little influence of the structural phase on the phonon properties
is a further proof of the dominance of D3, symmetry of a single
molecular layer. The existence of rigid-plane shear and com-
pression modes has been established by THz spectroscopy (see
figures 13 and 14) [71]. The observed frequencies are in good
agreement with acoustic modes at the zone boundary along
the stacking direction as observed in ab initio phonon calcu-
lations (see figure 8) [71]. It was speculated that these modes
are observed by optical spectroscopy via disorder effects or
via coupling to other excitations, like fractionalized spin exci-
tations. In recent high-resolution x-ray scattering experiments
optical modes were identified close to 3 and 7 meV propagat-
ing within the ruthenium honeycomb lattice [70]. The soften-
ing of these modes and strong changes in the intensity were
interpreted as fingerprints of coupling of these modes to frac-
tionalized spin excitations. It has to be clearly stated, that these
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modes are not covered by existing ab initio phonon calcula-
tions and more work is needed to clarify nature and origin of
these excitations.

The THz experiments reveal a very remarkable low-
temperature excitation spectrum with a broad continuum
located around 8.5 meV. This continuum exhibits a strong
temperature dependence and completely vanishes above about
200 K (figure 14). This temperature scale correlates with the
Kitaev exchange K of a-RuCls, which is estimated to be
of order ~100 K [108]. Fractionalized spin excitations are
only expected below this temperature scale. The continuum
strongly intermixes with phonon modes located at 2.5 and
6 meV, which were characterized by Reschke er al [71] as
rigid-plane shear and compression modes. The mixing of the
phonon modes with the fractionalized spin excitations maybe
of some importance when considering the observation of a
thermal quantum Hall effect [63-66], which would be the
strongest proof for the existence of a Kitaev QSL. Please note
the recent observation of optical phonon branches by x-ray
spectroscopy at similar eigenfrequencies [70] with a differ-
ent interpretation as mentioned earlier. The continuum evolves
at low temperatures and loses intensity in favour of a one-
magnon spin excitations appearing at 2.5 meV (figure 15).
It is the authors belief that figures 14 and 15 documenting
this excitation continuum certainly speaks in favour of frac-
tionalized excitations. It seems unlikely that magnon fluctua-
tions could exist up to temperatures of more than 10 7Ty and
that these fluctuations should appear at energies significantly
higher than the one-magnon response. Further evidence for
fractionalized excitations arises from the field dependence of
the THz excitations in this energy regime (figure 16). Close
to the quantum-critical regime at low temperatures and exter-
nal in-plane magnetic fields of ~ 7 T, where long-range AFM
order becomes suppressed, only the broad continuum survives
without any indications of magnon-like anomalies. A one-
magnon response evolves at fields of ~ 9 T when the spin
system passes into the field-polarized phase. However, one
should be aware that figure 16 shows no indications of the
expected phase boundaries of the QSL. As function of mag-
netic fields, a true QSL should be separated by two phase
boundaries from the AFM and the spin-polarized PM phase.
Even in very detailed experiments of the magnetic field depen-
dence of the heat capacity and of the magnetic Griineisen
parameter it was not possible to identify these theoretically
predicted phase boundaries [82, 84].

Finally, some evidence for Kitaev-type excitations also
arises from thermodynamic experiments. All existing Kitaev
models predict a distinct two-peak structure of the tempera-
ture dependence of the specific heat and one expects two well-
separated anomalies due to excitations of localized and itin-
erant Majorana fermions, where at each anomaly an entropy
of 0.5 RIn 2 is released. Specific-heat anomalies bearing some
characteristic signatures indeed were observed in the title com-
pound [39, 98]. While the low-temperature anomaly at ~1 K,
which is expected to result from localized excitations, so far
was not identified experimentally there is, indeed, some evi-
dence for the existence of a broad peak near 70 K, which is
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of the order of the estimated Kitaev exchange and is the char-
acteristic signature of itinerant Majorana fermions. Of course,
the analysis of these heat-capacity anomalies strongly depends
on the estimated phonon background. However, slightly dif-
ferent phonon properties were used in references [39, 98] res
ulting in slightly different excess heat capacities, but still with
a robust overall agreement. As documented in figure 20, there
also is reasonable agreement between model calculations and
experimental heat-capacity results [108]. The most plausible
explanation seems to be that at zero external magnetic field
the spin system in a-RuCl; passes from a localized magnet at
low temperatures to a Kitaev QSL at moderate temperatures as
outlined in detail in reference [77].
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