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Fractionalized excitations are of considerable interest in recent condensed-matter physics. Fractionalization
of the spin degrees of freedom into localized and itinerant Majorana fermions is predicted for the Kitaev spin
liquid, an exactly solvable model with bond-dependent interactions on a two-dimensional honeycomb lattice. As
a function of temperature, theory predicts a characteristic two-peak structure of the heat capacity as a fingerprint
of these excitations. Here we report on detailed heat-capacity experiments as a function of temperature and
magnetic field in high-quality single crystals of α-RuCl3. We undertook considerable efforts to determine the
exact phonon background. We measured single-crystalline RhCl3 as a nonmagnetic reference and performed
ab initio calculations of the phonon density of states for both compounds. These ab initio calculations document
that the intrinsic phonon contribution to the heat capacity cannot be obtained by a simple rescaling of the
nonmagnetic reference using differences in the atomic masses. Sizable renormalization is required even for
nonmagnetic RhCl3 with its minute difference from the title compound. In α-RuCl3 in zero magnetic field, excess
heat capacity exists at temperatures well above the onset of magnetic order. In external magnetic fields far beyond
quantum criticality, when long-range magnetic order is fully suppressed, the excess heat capacity exhibits the
characteristic two-peak structure. In zero field, the lower peak just appears at temperatures around the onset of
magnetic order and seems to be connected with canonical spin degrees of freedom. At higher fields, beyond the
critical field, this peak is shifted to 10 K. The high-temperature peak located around 70 K is hardly influenced by
external magnetic fields, carries the predicted amount of entropy R/2 ln 2, and may resemble remnants of Kitaev
physics.

DOI: 10.1103/PhysRevB.99.094415

I. INTRODUCTION

α-RuCl3 is a prime candidate to exhibit a Kitaev-type
spin-liquid ground state. The Kitaev model [1] represents a
spin S = 1/2 system on a two-dimensional (2D) honeycomb
lattice with bond-dependent interactions. The ground state of
this model is exactly solvable and predicts the existence of
gapped and gapless excitations, depending on the asymmetry
of the exchange interactions. The exact solution is provided
by fractionalization of quantum spins S = 1/2 into two types
of Majorana fermions: Z2 fluxes and itinerant fermions, the
former being localized on each hexagon of the honeycomb
lattice and the latter forming propagating fermionic quasipar-
ticles. Theory predicts clear hallmarks of these fractionalized
spin degrees of freedom in the temperature-dependent heat
capacity on well-separated temperature scales. In the ground
state, the Z2 fluxes are frozen in the topologically ordered
quantum-spin liquid (QSL) and fluctuating fluxes excite local-
ized Majorana fermions. On further increasing temperatures,
itinerant quasiparticles become activated. These two classes
of excitations release their entropy successively in two steps
at vastly different temperatures. Details of the Kitaev physics

*Corresponding author: alois.loidl@physik.uni-augsburg.de

and appropriate models and materials are discussed in two
recent review articles [2,3].

In the concept of QSLs [4] it is implicitly supposed that
the paramagnetic phase is continuously connected with the
QSL state and, to our knowledge, a thermodynamic phase
transition has never been reported experimentally. Hence, it
seems of prime importance to search for these thermodynamic
anomalies when entering the Kitaev spin liquid (KSL). The
first to estimate the characteristic thermodynamic temperature
dependence of fractionalized excitations were Nasu et al. [5,6]
and they indeed found characteristic anomalies separating
the paramagnet from the QSL. Using quantum Monte Carlo
methods, they calculated the temperature dependence of the
specific heat C and the corresponding entropy S. Using a
model involving pure Kitaev exchange K only, they found a
characteristic two-peak spectrum of the heat capacity, sep-
arated in temperature by at least one order of magnitude.
Each of the peaks is characterized by an entropy release of
R/2 ln 2, with R being the gas constant. In addition, the re-
lease of itinerant Majorana fermions is correlated with a linear
increase of the heat capacity. A cluster dynamical mean-field
study for the Kitaev model of the temperature-dependent heat
capacity with a similar result has been performed by Yoshitake
et al. [7]. A two-peak structure in C(T ) has even been pre-
dicted in systems with magnetic order in proximity to a KSL
phase [8].
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Utilizing a model with ferromagnetic Kitaev and antifer-
romagnetic symmetric off-diagonal exchange �, Catuneanu
et al. [9] and Samarakoon et al. [10] calculated susceptibil-
ities and thermodynamic quantities of the Kitaev spin-liquid
candidate α-RuCl3. The main motivation was to explain the
excitation continua as observed by neutron- [11–14] and
Raman-scattering experiments [15–17] as well as by tera-
hertz spectroscopy [18,19], but these authors also calculated
the temperature dependence of heat capacity and found the
characteristic two-peak structure and the concomitant two-
step evolution of entropy. With the characteristic exchange
parameters of K and � of the title compound, according to
these authors, the two peaks in the heat capacity are located
close to 0.03 � and 0.4 �. Assuming an off-diagonal exchange
of ∼5−10 meV [20], two peaks in C(T ) will appear close to
temperatures of ∼2 and ∼30 K, respectively.

The temperature dependence of the heat capacity for
α-RuCl3 also was calculated by Suzuki and Suga [21] utiliz-
ing an exact numerical diagonalization method. Their results
again reveal the characteristic two-peak structure with peaks
close 2 and 20 K. Compared to experimental observations
these temperatures seem to be significantly too low and the
authors proposed an effective model involving strong ferro-
magnetic Kitaev coupling to quantitatively reproduce experi-
mental results [21]. Pidatella et al. [22] have solved the Kitaev
model in the presence of anisotropy. These authors found
that the temperature scale for fermionic entropy release cor-
responds to temperatures comparable to the Kitaev exchange
and does not depend on anisotropy, and the temperature
scale for the flux is strongly anisotropy dependent. It seems
evident that this characteristic thermodynamic evidence of
Majorana fermions should easily be tackled experimentally in
specific-heat experiments, if and only if the phonon properties
of the model compounds are well known. It has recently
been pointed out that even in systems with long-range or
short-range magnetic order close to a KSL state, magnonlike
excitations characteristic for conventional magnetic order give
way to long-lived fractionalized quasiparticles at higher tem-
peratures and energies [23].

At this point it has to be mentioned that the interpretation
of experimental results in the title compound in terms of
fractional excitations of the spin-liquid ground state remains
controversial. It was proposed that the observed continua
may represent incoherent excitations originating from strong
magnetic anharmonicity [2,24] and a model using realistic
exchange interactions was able to reproduce the evolution of
the dynamical response at finite temperatures and magnetic
fields [25].

Since the identification of α-RuCl3 as a KSL candidate,
heat-capacity experiments have been routinely performed, in
most cases, however, in limited temperature regimes and not
with a specific focus on spin fractionalization. Here we dis-
cuss these publications, mainly to show the problems related
to a correct evaluation of the magnetic heat capacity by sub-
tracting a plausible and realistic phononic background. Only
in the latest published experiments, the involved scientists
were aware of the predicted two-peak structure and tried to
identify this hallmark of a KSL in their experiments.

The first heat-capacity experiments were performed by
Sears et al. [26], who observed anomalies due to subsequent

magnetic phase transitions, with peaks located close to 7 and
10 K. These multiple magnetic phase transitions were related
to inhomogeneities in the sample, most probably due to the
existence of a large number of stacking faults. The entropy
of the peaks was calculated to be of order 0.8 J/(mol K), but
of course, as stated by the authors, will strongly depend on
the phonon subtraction. In this paper, a polynomial fit in a
limited temperature regime was used to determine the phonon
background. Majumder et al. [27] measured the heat capacity
of single-crystalline α-RuCl3 as a function of temperature and
magnetic field H . These authors found two phase transitions
close to 8 and 14 K and reported the suppression of both
magnetic phase transitions for in-plane external magnetic
fields >9 T. Due to a missing proper phonon reference,
the authors refrained from a detailed analysis of the low-
temperature specific heat.

Cao et al. [28] provided a further detailed analysis of
the low-temperature specific heat revealing a heat-capacity
anomaly at the onset of antiferromagnetic (AFM) order close
to 7 K. The phonon background was approximated utilizing
a 2D Debye expression in a limited temperature range up
to 20 K. C(T ) in single crystals up to 16 K has also been
measured by Park et al. [29] and the specific-heat anomaly
at TN = 6.5 K was analyzed using a 2D Ising model. The
magnetic contribution was estimated from the heat capacity
of single-crystalline ScCl3 scaled to the appropriate mass of
α-RuCl3. C(T, H ) was investigated in detail by Kubota et al.
[30], however on samples revealing a number of subsequent
magnetic phase transitions. The magnetic specific heat was
evaluated using nonmagnetic ScCl3 as reference. In addition
to the anomalies at the magnetic phase transitions, these
authors found a broad maximum in C/T around 85 K, which
was interpreted to be caused by short-range spin correlations.
The magnetic entropy accumulated up to 140 K was of order
2R/3 ln 2. The small magnetic entropy was understood as
being consistent with the low-spin state of Ru3+ with effective
spin S = 1/2.

The heat capacity of α-RuCl3 was reported by Hirobe et al.
[31] in a work mainly dedicated to the analysis of thermal
conductivity. The authors identified a peak in the temperature-
dependent magnetic heat capacity close to 100 K and were the
first to refer to the work of Nasu et al. [5,6] indicating that this
peak could be related to the release in entropy when exciting
itinerant Majorana fermions. So far, all these publications did
not give too much attention to the occurrence of the structural
phase transition with significant hysteresis close to 170 K,
when measured on heating. The room-temperature symmetry
of α-RuCl3 is monoclinic with space group C2/m [32–34] and
undergoes a structural phase transition [17,18,29,30,35–37]
probably into a low-temperature rhombohedral structure. The
low-temperature crystallographic structure is not finally set-
tled and other ground-state symmetries have been reported
[38,39]. This uncertainty results from the multidomain char-
acter of the low-temperature structure and from the fact
that this layered van der Waals (vdW) system is prone to
stacking faults. It seems unclear how this structural phase
transition influences heat capacity and the release of en-
tropy specifically of the high-temperature anomaly of the
KSL.
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The first attempt to verify the theoretical predictions about
the steplike release of entropy in α-RuCl3 was undertaken
by Do et al. [13]. These authors presented results of the
temperature-dependent heat capacity from 2 to 200 K. For a
proper description of the phonon properties, the heat capacity
of isostructural nonmagnetic ScCl3 was measured and scaled
by the appropriate mass ratio. The residual magnetic heat
capacity of the title compound showed the typical two-step
release of entropy, each of order R/2 ln 2, with maxima in the
heat capacity close to 20 and 100 K. In addition, these authors
identified the predicted linear increase of itinerant Majorana
fermions for temperatures from 50 to 100 K. The structural
phase transition close to 170 K seemed to be of minor
influence in the temperature range investigated. Comparing
these measurements to theoretical concepts outlined above,
one can critically remark that both peaks in the heat capacity
and specifically the anomaly due to localized fluxes appear
at much higher temperatures than theoretically predicted. In
addition, the low-temperature peak appears close to the onset
of magnetic order and could be linked to spin fluctuations.

There further exist a number of published low-temperature
heat-capacity results, mainly dealing with the suppression of
long-range magnetic order and the identification of a possible
spin gap as a function of external field. It is well documented
in literature that in-plane external magnetic fields suppress
AFM order close to 7 T, resulting in a quantum-critical
point [40–43]. All these references also treat and analyze the
low-temperature specific heat. References [40,43] use RhCl3

as nonmagnetic reference. In Ref. [41] the heat capacity
of nonmagnetic and isostructural α-IrCl3 was taken to treat
the phonon properties of the title compound. The focus of
these experiments was on the scaling of the low-temperature
specific heat and on the determination of a spin-excitation gap.
However, one clearly can state that despite detailed investi-
gations of the low-temperature heat capacity in these above
cited works there is no clear evidence of the low-temperature
entropy release due to localized Majorana fluxes. Below 10 K
and at low magnetic fields, the heat capacity is dominated
by the anomaly due to the magnetic phase transition. In
fields higher than the critical field, the heat capacity still may
resemble some residues of this transition.

In the most detailed low-temperature investigation of the
heat capacity by Wolter et al. [43], beyond quantum criticality
a cusplike anomaly appears at ∼10 K. However, the entropy
release at this temperature is well below 1 J/(mol K),a much
smaller than R/2 ln 2 expected in the Kitaev model. Very
recently, the observation of a half-integer thermal quantum
Hall effect was interpreted as a hallmark of fractionalization
of quantum spins [44]. Also in this work, the sub-Kelvin
heat capacity was investigated at magnetic fields around the
quantum-critical point. These results have not been corrected
for possible phonon contributions.

In this paper, we present detailed measurements of the spe-
cific heat as a function of temperature and external magnetic
field in high-quality single crystals of α-RuCl3 and analyze
our results using accurately determined phonon properties,
which allow us to evidence excess magnetic contributions
with high precision. Our results provide experimental evi-
dence for the existence of excess heat capacity indicating a
clear double-peak structure at all magnetic fields investigated.

While we tend to interpret the low-temperature anomaly as
being derived from conventional spin degrees of freedom, the
high-temperature anomaly could indicate Majorana fermions
of the KSL.

II. EXPERIMENTAL DETAILS

High-quality α-RuCl3 and isostructural nonmagnetic
RhCl3 single crystals used in this paper were grown by
vacuum sublimation. At room temperature, RhCl3 crystallizes
in the monoclinic C2/m structure [45]. Details of sample
growth and characterization of α-RuCl3 are described in detail
in Refs. [35,37]. The difference of the present sample batches
as compared to previously investigated samples is the low
magnetic ordering temperature of 6.4 K and the relatively
narrow hysteresis of the structural phase transition, which
extends from 131 to 163 K (see below). We interpret the
present results as signaling high-quality single crystals, which
undergo a well-defined monoclinic to rhombohedral structural
phase transition and are characterized a by well-defined stack-
ing sequence, with ABC-type stacking in the low-temperature
rhombohedral structure and a slightly changed stacking in the
high-temperature monoclinic phase, as has been observed in a
number of isostructural layered chromium trihalides [46–49].

Standard heat capacity was investigated in a Quantum
Design physical property measurement system (PPMS) for
temperatures 1.8 < T < 250 K and in magnetic fields up to
9 T. To identify the nature of the structural and magnetic
phase transitions, canonical specific-heat experiments were
supplemented by a large-pulse method, applying heat pulses
leading up to a 20% increase of the sample temperature.
Thereby the temperature response of the sample was analyzed
separately on heating and cooling. The pulse height was
not varied across the temperature scans, but a logarithmic
temperature spacing was chosen. In a second-order phase
transition, both responses should be equal, while significant
differences are expected at first-order phase transitions. The
thermal expansion experiments were conducted with a Quan-
tum Design PPMS equipped with a compact and miniaturized
high-resolution capacitance dilatometer.

Phonon spectra and lattice contributions to the specific
heat of α-RuCl3 and RhCl3 were calculated using the frozen-
phonon method implemented in the PHONOPY code [50]. For
details, see Appendix A.

III. RESULTS AND DISCUSSION

To characterize the single crystals used in the present mea-
surements, Fig. 1(a) documents the temperature dependence
of the heat capacity of α-RuCl3 for temperatures from 2 to
250 K and for zero external magnetic fields (green open
circles) as well as for fields of 9 T (orange open diamonds).
At 0 T we find the characteristic λ-like heat-capacity anomaly
signaling the transition into the AFM ground state at 6.4 K. In
external in-plane fields, magnetic order becomes suppressed
and at 9 T a remaining hump can be seen, slightly shifted to
higher temperatures. A narrow peak at 163 K signals latent
heat at a first-order structural phase transition, which clearly
becomes visible only in large-pulse experiments and only
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FIG. 1. (a) Temperature dependence of the heat capacity of
α-RuCl3 plotted as C/T , as observed in zero magnetic field (open
green circles) and in in-plane magnetic fields of 9 T (open orange
diamonds). (b) Temperature dependence of the thermal expansion
on heating (open red triangles up) and cooling (open blue trian-
gles down). The measurements were performed along the crystallo-
graphic c direction and were normalized at 1.8 K. A pronounced and
well-defined hysteresis between heating and cooling cycle evolves
between 131 and 163 K. The AFM phase transition is indicated by a
significant steplike increase of the thermal expansion (see inset).

on heating. As documented earlier [37], the structural phase
transition is not influenced by magnetic fields up to 9 T.

Figure 1(b) shows the temperature dependence of the
thermal expansion as measured along the crystallographic c
direction. A narrow well-developed hysteresis evolves be-
tween heating and cooling cycles, which spans a temperature
range of 30 K only, compared to a very wide hysteresis
reported in many experiments so far. This fact signals a
well-developed structural phase transition where the stacking
sequence changes in a relatively narrow temperature window.
The inset documents a steplike increase of the thermal ex-
pansion at the onset of magnetic order. The length change
along c is significant and amounts to ∼100 ppm, signaling
strong magnetostrictive effects, especially strong spin-phonon
coupling.

As documented in Fig. 1(a), the temperature dependence
of the heat capacity has been determined with high precision
over a wide temperature range. The important question that
remains to be solved is how the magnetic excess heat capacity
can be determined with high-enough precision, to provide
experimental evidence of fractionalized excitations. To solve
this problem the appropriate phononic background has to be
determined. But any phenomenological Debye-Einstein fit of
the measured heat capacity of α-RuCl3 will be hampered by
the magnetic anomaly at low temperatures, by possible contri-
butions of itinerant Majorana fermions to the heat capacity up

FIG. 2. Temperature dependence of the heat capacities of
α-RuCl3 (open blue circles) and of RhCl3 (open green diamonds)
plotted as C/T vs temperature up to 300 K on a semilogarithmic
plot. The measured heat capacity of the rhodium compound is fitted
by a Debye-Einstein model (red solid line) as described in the text.

to ∼100 K, and finally also by the structural phase transition
at higher temperatures.

To get an estimate of the phonon background, we mea-
sured RhCl3, which crystallizes in the same monoclinic
room-temperature structure [45] and with rhodium as the
direct neighbor of Ru in the periodic table of elements with
marginal differences of the atomic masses. Hence, while the
mass relations are very similar, of course we cannot exclude
significant differences in the crystalline binding forces. In
Fig. 2, the results of measurements of the heat capacity of
single-crystalline RhCl3 are compared with the temperature
dependence of C/T of α-RuCl3.

One naively would expect that the phonon-derived heat
capacities of the rhodium and ruthenium compounds are
similar, as the atomic masses are comparable. However, ex-
perimentally this is not observed. Despite the fact that the
compounds plotted in Fig. 2 are isostructural and that mass
renormalization should be marginal, we observe significant
differences in the temperature dependence of the heat capacity
up to 200 K, clearly signaling changes in bonding strength
and concomitantly in the eigenfrequencies of phonon excita-
tions. Of course, in the nonmagnetic rhodium compound the
lambdalike anomaly indicating the magnetic phase transition
in α-RuCl3 is missing, but the rhodium compound obviously
also exhibits no structural phase transition as observed in a
variety of isostructural trihalides.

It seems interesting to note that the heat capacity mea-
sured for the rhodium compound at low temperatures strictly
follows a T 3 dependence, expected for a three-dimensional
(3D) lattice, despite the fact that this is a strongly layered 2D
compound with very weak interlayer vdW interactions. The
specific-heat data documented in Fig. 2 also show that the
differences between ruthenium and the nonmagnetic isostruc-
tural reference compound are too large to be attributed to the
different masses of rhodium and ruthenium and the magnetic
degrees of freedom alone.

To adequately tackle the problem of the correct phonon
background we performed ab initio phonon calcula-
tions of both isostructural compounds. These are detailed

094415-4



THERMODYNAMIC EVIDENCE OF FRACTIONALIZED … PHYSICAL REVIEW B 99, 094415 (2019)

FIG. 3. Semilogarithmic plot of the temperature dependence of
the excess heat capacities of α-RuCl3 plotted as C/T vs temperature
for a series of in-plane magnetic fields as indicated in the figure. The
excess heat capacity was obtained by subtracting phonon contribu-
tions as determined from the RhCl3 measurements, which were tem-
perature scaled by a factor of 0.92 (for details see Appendix A). The
inset shows the temperature dependence of the entropy up to 225 K.
While the low-temperature anomaly carries only marginal weight,
the high-temperature anomaly comes close to R/2 ln 2 expected for
the entropy release due to itinerant Majorana fermions.

in Appendix A: Fig. 5 documents the wave-vector depen-
dence of the calculated phonon eigenfrequencies along all
high-symmetry directions and the resulting phonon density
of states (DOS) of both compounds. We found that—despite
the similar mass ratios—the eigenfrequencies of the rhodium
compound are significantly enhanced, resulting from the fact
that due to enhanced chemical bonding the volume of the
rhodium compound becomes reduced and the eigenfrequen-
cies harden considerably (see Fig. 5 of Appendix A). From
the phonon DOS the temperature dependencies of the heat
capacities for both compounds were calculated. The results
are shown in Fig. 6 of Appendix B. In the temperature range
investigated, the heat capacity RhCl3 is well below that of
α-RuCl3, indicative of a higher Debye temperature of the
rhodium compound. Temperature scaling by a factor of 0.92 is
necessary to map the heat capacity of the rhodium compound
on the isostructural ruthenium compound in the investigated
temperature range. The empty circles in Fig. 6 in Appendix B
document that this scaling works rather well and hence that
sizable renormalization of the phonon background is needed
to describe the lattice derived heat capacity of α-RuCl3.

In order to get an appropriate phonon background we fitted
the heat capacity of the RhCl3 by a Debye-Einstein model
utilizing two Debye and two Einstein modes with a total
of roughly 12 degrees of freedom (DOF). The solid line in
Fig. 2 shows the result of this fit. The eigenfrequencies and
DOF used for this model fit are documented in Table I of
Appendix B. This fit as documented in Fig. 2 was temperature
scaled by a factor of 0.92 and has been taken as appropriate
phonon background for α-RuCl3 for zero external magnetic
field and for all fields up to 9 T.

The excess heat capacity of α-RuCl3 as determined using
this procedure is shown in Fig. 3 for three different external

magnetic fields. Turning first to zero external field (black
spheres), we find the anomaly due to the magnetic phase
transition at ∼6 K and a broad hump located around ∼70 K.
The λ-type anomaly certainly results from canonical spin
degrees of freedom. The hump at 70 K could be due to
the release of entropy due to itinerant Majorana fermions.
The temperature scale is of the order of the expected Kitaev
exchange in the title compound. This behavior resembles the
proposed theoretical crossover scenario from a magnonlike
behavior at low temperatures to fractionalized spin degrees of
freedom at elevated temperatures [23].

For increasing in-plane magnetic fields, long-range spin
order becomes continuously suppressed, with the heat capac-
ity anomaly being reduced in height, becoming broader and
shifted towards low temperatures, while the high-temperature
hump remains essentially unchanged. Beyond quantum crit-
icality a broad hump evolves at temperatures close to 10 K.
Taking the excess heat capacity at 9 T as documented in
Fig. 3 (green spheres), we find a two-peak structure of the
heat capacity with the two anomalies at ∼10 and ∼70 K.
The temperature scale of the low-temperature peak is too high
compared to model predictions and could be a reminder of
spin fluctuations. The high-temperature anomaly, which is ex-
pected at temperatures corresponding to the Kitaev exchange,
is not too far from theoretical expectations.

The entropy release at the low- and high-temperature peaks
will be a further crucial test of the nature of these two anoma-
lies. To determine the entropy, Fig. 7 in Appendix B shows
the excess heat capacity vs temperature plotted as �C/T vs T
for all magnetic fields investigated. The temperature evolution
of the entropy at 0, 5.5, and 9 T is plotted in the inset of
Fig. 3 and shows a clear two-step increase as theoretically
predicted. Astonishingly, even in zero external field the en-
tropy of the heat-capacity anomaly at the onset of magnetic
order is well below R ln 2 expected for the ordering of a spin
S = 1/2 system. The entropy due to magnetic order is very
little affected by the external field and remains, even when
long-range magnetic order is fully suppressed. The entropy
release of the high-temperature peak is very close to R/2 ln 2
as predicted for a KSL and seems independent of magnetic
field. The entropy released as latent heat, characteristic of the
first-order structural phase transition, is very small. However,
it is interesting to note that even at the highest temperatures
(>200 T) the entropy release expected for a spin S = 1/2

system is not fully recovered (see inset of Fig. 3).
From heat capacity and entropy, the low-temperature peak

seems to be connected with canonical spin degrees of freedom
close to magnetic order. The λ-like anomaly at small fields due
to the onset of long-range order beyond quantum criticality
transforms into a broad peak with roughly the same amount
of entropy. As has been documented by terahertz spectroscopy
by Wang et al. [18], magnetic excitations of similar energies
are observed above and below quantum criticality. The nature
of these excitations is a matter of dispute and deserves further
investigations.

It seems reasonable to assume that the high-temperature
peak results from itinerant Majorana fermions. The temper-
ature scale and the entropy release are of the correct order
and close to theoretical predictions. Broad continua have
been observed in recent terahertz experiments centered around

094415-5



S. WIDMANN et al. PHYSICAL REVIEW B 99, 094415 (2019)

FIG. 4. Temperature dependence of the heat capacities of
α-RuCl3 at temperatures around the magnetic phase transition for
a series of in-plane magnetic fields as indicated in the figure.
(a) Temperature dependence of heat capacity as measured for ex-
ternal fields between 0 and 9 T. The inset shows the field dependence
of the ordering temperature. (b) Temperature dependence of heat
capacity for the same magnetic fields plotted as C/T 3. The heat
capacity of RhCl3 is also indicated. The left upper inset in panel (b)
shows the field dependence of C/T 3 determined at 3 K. The right
upper inset in panel (b) shows the field dependence of the entropy
at 25 K.

6 meV, which survive up to 9 T [18] and are stable at least
up to 150 K [37]. Both observations are in good agreement
with the thermodynamic results documented in Fig. 3. This
figure provides some experimental evidence that at elevated
temperatures, throughout the paramagnetic regime and in a
broad range of magnetic fields, the KSL is the stable quantum
state in α-RuCl3. While the low-temperature anomaly signals
spin ordering or conventional fluctuating moments, we find a
crossover to fractionalized excitations at higher temperatures.

Finally, we would like to have a closer look at the tem-
perature dependence of α-RuCl3 around the magnetic phase
transition, as a function of external magnetic fields. These
results are shown in Fig. 4(a), where we plot the heat capacity
between 2 and 10 K for in-plane magnetic fields between 0
and 9 T. At zero external field, the heat-capacity anomaly is lo-
cated close to 6.4 K. There appears a small anomaly at 7.2 K.
This result could indicate minor stacking disorder. However,
so far all reports about magnetic ordering temperatures due to
stacking faults indicate significantly higher ordering tempera-
tures. Close to 7 T the magnetic phase transition becomes fully
suppressed, leaving a broad hump shifted to slightly higher
temperatures.

A closer inspection of the temperature dependence of the
AFM anomaly shows that the magnetic phase transition at

1 T exhibits a somewhat stronger shift towards lower tem-
peratures and shifts to slightly higher temperatures again for
further increasing magnetic fields. The field dependence of the
magnetic phase transition for in-plane fields is indicated in the
inset of Fig. 4(a). Here we document the field dependencies
of both anomalies starting at 6.4 and 7.2 K in zero field.
The fact that these anomalies, as a function of temperature
and magnetic field, behave very similarly provides arguments
that these anomalies are of similar nature and are related
to domains with slightly different stacking order. For both
anomalies, in the field dependence we observe a small local
minimum close to external fields of ∼1−2 T. It is unclear if
these anomalies signal a critical or characteristic temperature
of α-RuCl3 in external fields. In literature, there are reports
about a susceptibility anomaly for in-plane fields close to
1.2 T [43] and an anomaly in neutron-scattering studies due
to a redistribution of domains in low fields [41]. Remarkably,
in the temperature dependence of the excess heat capacity
close to 8 K we observe a characteristic crossing point where
all heat-capacity curves meet as a function of magnetic field.
Similar crossing points have been observed in a variety of
different materials and seem to be a characteristic signature
of correlated systems [51].

Figure 4(b) shows the same data, plotted as C/T 3 vs T . The
results of α-RuCl3 are compared with the single-crystalline
data as measured in RhCl3 at zero external field. We turn
first to the rhodium results. In the temperature regime shown,
the heat capacity is dominated by a pure T 3 Debye behavior
of a 3D crystal, excluding any speculation about a possible
2D behavior of these vdW layered materials. This is also
documented by the phonon fits documented in Fig. 2. In
the full temperature range investigated, the ruthenium heat
capacity is always significantly enhanced compared to the
phonon background, pointing towards an enhanced Debye
temperature of the rhodium compound. Even at the highest
magnetic fields with fully suppressed magnetic order, the
heat capacity of α-RuCl3 is still strongly enhanced, signaling
the importance of magnetic contributions beyond quantum
criticality. In the AFM phase, this enhancement can be at-
tributed to the contributions from magnetic excitations, which
in a gapless AFM also will follow a T 3 dependence. With
decreasing ordering temperatures, the magnetic contributions
increase, become maximal at the critical field, and decrease
for further increasing fields [see left upper inset in Fig. 4(b)].
This observation provides further support for the interpre-
tation that the 10-K anomaly for fields >7 T continuously
evolves from the λ-like anomaly at the onset of magnetic order
in low fields.

Astonishingly, the temperature dependence of the specific
heat at all magnetic fields is close to a T 3 law for all external
magnetic in-plane fields investigated. This signals the impor-
tance of AFM excitations, with zero or a small energy gap for
T < TN and for decreasing AFM-type fluctuations for fields
beyond quantum criticality up to 9 T.

The scaling of the low-temperature heat capacity has been
studied in detail by Wolter et al. [43] down to temperatures of
0.4 K. These authors found a temperature scaling with a power
of 2.5 and they identified a strongly temperature-dependent
energy gap, almost closing at the quantum-critical point.
Kasahara et al. [44] reported the heat capacity of α-RuCl3

094415-6



THERMODYNAMIC EVIDENCE OF FRACTIONALIZED … PHYSICAL REVIEW B 99, 094415 (2019)

in the sub-Kelvin regime. These authors found roughly a T 3

scaling of the heat capacity just beyond quantum criticality. It
has to be clearly stated that neither our data nor the results by
Wolter et al. [43] and Kasahara et al. [44] provide experimen-
tal evidence for the existence of a peak in the specific heat
at low temperatures, close to 2 K as theoretically predicted
[5,9,10]. At this temperature, one expects that excitations
of localized Majorana fermions release an entropy of order
R/2 ln 2. This amount of entropy is not hidden in the low-
temperature excess heat capacity. The entropy up to the onset
of magnetic order at 6 K is always less than 0.2 J/(mol K)
and hence a small fraction (<10%) of the expected entropy
release due to localized Majorana fermions. This peak due
to localized fluxes must be located at significantly lower
temperatures, or has to be identified with the cusp at 10 K
as shown in Fig. 3 for in-plane fields >7 T.

IV. SUMMARY AND CONCLUDING REMARKS

In conclusion, in this paper we provide detailed experimen-
tal results on the heat capacity of α-RuCl3 as a function of
temperature and external magnetic in-plane fields. The main
aim of this paper, to provide thermodynamic evidence of frac-
tionalization of spin degrees of freedom, crucially depends on
the estimate of the intrinsic phonon background. To solve this
problem, we measured the heat capacity of isostructural and
nonmagnetic RhCl3. The correct temperature-scaling factor
has been determined utilizing a critical comparison of the
heat capacities of the rhodium and the ruthenium compounds,
which were determined by ab initio calculations of the phonon
properties and concomitant phonon DOS. We show that the
correct phonon background cannot be obtained by simple
rescaling using the different atomic masses.

The main result of this paper as presented in Fig. 3 can
be summarized as follows: At zero external magnetic field, a
λ-like anomaly at ∼6 K, corresponding to the onset of long-
range spin order, is followed by a high-temperature cusp at
∼70 K, which we interpret as a fingerprint of itinerant Majo-
rana fermions. This zero-field result can directly be compared
with the heat-capacity results documented in Ref. [13]. De-
spite a close overall similarity of the results, differences con-
cern the temperature range of the high-temperature anomaly
(∼100 K) and the fact that these authors determined a roughly
linear increase of the excess heat capacity between 50 and
100 K.

At 9 T, beyond quantum criticality, we observe two cusps in
the temperature dependence of the heat capacity of α-RuCl3,
close to 10 K and close to 70 K. As a function of increasing
magnetic fields, the low-temperature anomaly continuously
evolves from the specific-heat anomaly, indicative of long-
range magnetic order. The high-temperature anomaly remains
almost constant as a function of external fields and—from
our point of view—signals excitations of itinerant fermions
in the paramagnetic phase. This interpretation is supported
by entropy considerations: The entropy released by the low-
temperature anomaly is well below 1 J/(mol K) [see inset of
Fig. 4(b)]. It is significantly too low for the entropy due to the
ordering of a spin S = 1/2 system, but it is also too low when
compared to the predicted entropy release of localized fluxes
in the framework of a KSL. The high-temperature anomaly

signals an entropy release close to R/2 ln 2 (see inset of
Fig. 3), expected for itinerant Majorana fermions.

Summarizing the obtained results, we conclude that at zero
external magnetic field magnetic excess heat capacity at the
onset of long-range magnetic order is followed by contri-
butions of fractionalized excitations at higher temperatures.
Beyond quantum criticality, the low-temperature anomaly
still resembles contributions from canonical spin degrees of
freedom, while the high-temperature anomaly remains un-
changed. A natural explanation for these observations has
been presented in a recent work by Rousochatzakis et al. [23]:
These authors have shown that, while magnonlike response—
characteristic for conventional magnetic order—appears at
low temperatures, the characteristics of a KSL evolve at
elevated temperatures. It seems that this crossover behav-
ior is documented by our specific-heat experiments in zero
magnetic fields as well as in external magnetic fields beyond
quantum criticality.
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APPENDIX A: AB INITIO PHONON CALCULATIONS

Phonon spectra and lattice contributions to the specific
heat of α-RuCl3 and RhCl3 were calculated using the frozen-
phonon method implemented in the PHONOPY code [50].
Atomic displacements of 0.01 Å were used to induce nonzero
forces in the 2 × 1 × 2 supercell containing 64 atoms. The
forces were calculated in the VASP code within the projector-
augmented wave method [52,53] using the Perdew-Burke-
Ernzerhof (PBE) flavor of the exchange-correlation potential
[54].

Initial calculations revealed imaginary phonon frequencies
and a tendency toward dimerization in α-RuCl3 when calcula-
tions were performed on the PBE level. Therefore, electronic
correlations in the Ru (Rh) 4d shell and the spin-orbit cou-
pling were additionally taken into account. Electronic corre-
lations were treated within the DFT + U scheme, using the
on-site Coulomb repulsion Ud = 1.8 eV and Hund’s coupling
Jd = 0.4 eV [55,56].

The resulting phonon eigenfrequencies as a function of
wave vectors along all main symmetry directions of the
reciprocal lattice are shown for both compounds in Fig. 5.
The phonon modes of these layered vdW compounds are
similar and are grouped in well-separated frequency regimes.
In addition to acoustic modes, two groups of optical modes
can be identified. The lowest acoustic modes appear close
to the A point of the Brillouin zone and are close to 2 and
6 meV. All phonon modes are well below 45 meV. For the
majority of phonon branches, the eigenfrequencies of the
phonon modes of RhCl3 are significantly enhanced compared
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FIG. 5. Phonon eigenfrequencies of α-RuCl3 (red solid lines)
and of RhCl3 (black dashed lines) vs eigenvectors along all high-
symmetry directions in reciprocal space and the energy dependence
of the phonon density of states (DOS) as derived from this ab initio
phonon dispersion.

to the ruthenium compound. The phonon density of states
documented in Fig. 5 mirrors this behavior.

From the phonon DOS the temperature dependence of
the heat capacities for both compounds was calculated. The
results are shown in Fig. 6. α-RuCl3 exhibits significantly
smaller phonon frequencies compared to RhCl3, resulting in a
reduced mean Debye temperature and therefore a significantly
enhanced heat capacity up to room temperature. Close to
400 K, the heat capacities of both compounds approach the
high-temperature Dulong-Petit limit. By temperature scaling
of the heat capacity of RhCl3 by a factor of 0.92 (empty
circles in Fig. 6) a perfect match to the heat capacity of
α-RuCl3 is achieved. This temperature-scaling factor, which
was determined by ab initio phonon calculations, was used
to estimate the intrinsic phonon contribution of the ruthenium
compound.

APPENDIX B: HEAT CAPACITY AND ENTROPY

The heat capacity of the rhodium compound as shown in
Fig. 2 (and in the inset of Fig. 6) was fitted utilizing a Debye-
Einstein model using two Debye and two Einstein modes. The

FIG. 6. Calculated temperature dependencies of the heat capac-
ities of α-RuCl3 (red line) and RhCl3 (black dashed line). The two
heat capacities can be matched by temperature scaling of the RhCl3

heat capacity by a factor of 0.92 (empty circles). The inset documents
that the phonon-derived heat capacity of RhCl3 as determined from
ab initio methods (open diamonds) is very close to the experimental
results (blue solid line).

TABLE I. Fit parameters of the Debye-Einstein model used to
calculate the heat capacities of RhCl3. For the fits documented
in Fig. 2, two Debye (D) and two Einstein terms (E) have been
used. The phonon eigenfrequencies ν are given in units of degrees
Kelvin. The DOF for the different terms are indicated for each
eigenfrequency.

RhCl3

hν/kB (K) DOF

D1 75 0.366
D2 185 2.92
E1 275 3.15
E2 475 5.81

resulting fit parameters including phonon eigenfrequencies
and DOF of these modes are indicated in Table I. The result
of this fit is documented in Fig. 2 as red solid lines. All the
phonon frequencies are below 45 meV as determined in the
ab initio frozen-phonon method. The total number of DOF
comes close to a value of 12 expected for the four atoms per
unit cell of the title compound.

Figure 7 shows the excess heat capacity after subtracting
the temperature-scaled phonon background determined from
this fit to the rhodium measurements. The results are plotted as
�C/T vs temperature and are shown for all measured external
magnetic fields between 0 and 9 T. The λ-like anomaly at the
onset of magnetic order becomes continuously suppressed and
remains as a humplike anomaly with a maximum close to 5 K
for external fields approaching the quantum-critical transition.
This is documented in Fig. 4 of the main text. Beyond the
quantum-critical point, the cusplike phenomenon abruptly is
shifted to significantly higher temperatures, despite the fact
that the peak signaling the onset of long-range magnetic

FIG. 7. Excess heat capacity of α-RuCl3 plotted as C/T vs
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 40 K. For clarity the
vertical scale has been cut at 0.2 J/(mole K2). 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 magnetic order is
fully suppressed close to 7 T [please compare this representation of
the excess heat capacity to the results presented in Fig. 4(a)].
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FIG. 8. Entropy vs temperature in α-RuCl3 at a series of mag-
netic in-plane fields between 0 and 9 T. The steplike increase at
the onset of magnetic order becomes smeared out for external field
beyond the critical field. The inset shows the entropy as function of
magnetic field at 25 K.

order continuously becomes suppressed (see Fig. 4). Despite
this fact, we observe a continuous evolution of the magnetic
anomaly from a λ peak at low fields, signaling the onset
of long-range order into a humplike shape at fields beyond
the critical field signaling fluctuating moments. Hence, the
interpretation of this low-temperature anomaly in terms of
canonical spin degrees of freedom is most plausible.

The results as measured in external fields of 9 T (green
spheres) nicely exhibit the characteristic two-peak structure
with a relatively narrow low-temperature and a broad high-
temperature peak. We would like to recall that in this field
range the anomaly due to the onset of long-range or short-
range magnetic order was shifted to low temperatures (see
Fig. 4). The cusplike anomaly, which appears beyond quan-
tum criticality (>7 T) in Fig. 7 close to 10 K, is not a
mere continuation of the λ-like anomaly at low magnetic
fields.

Using these results, the temperature release of the entropy
has been calculated. The entropy release up to the highest
measured temperatures is plotted in Fig. 3 of the main pa-
per. For a clearer inspection of the low-temperature entropy
release, the temperature dependence of the entropy up to
40 K is documented in Fig. 8. At zero external magnetic
field the entropy release at the AFM phase transition is of
order 0.7 J/(mol K) corresponding to ∼15% of the entropy
expected in the ordering process of a spin-½ system. On
increasing magnetic fields, this entropy value remains rather
constant, only being slightly smeared out. The magnetic field
dependence of the entropy release at 25 K is shown in the
inset of Fig. 8. The entropy continuously decreases up to
9 T, however, only by a value of 10%. From this observation
we conclude that the low-temperature anomaly in α-RuCl3 is
derived from canonical spin degrees of freedom, establishing
long-range magnetic order for fields < 7 T and undergoing
strong fluctuations in a magnetic system with short-range
order beyond quantum criticality.
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