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High-field thermal transport properties of the Kitaev quantum magnet α-RuCl3:
Evidence for low-energy excitations beyond the critical field
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We investigate the phononic in-plane longitudinal low-temperature thermal conductivity κab of the Kitaev
quantum magnet α-RuCl3 for large in-plane magnetic fields up to 33 T. Our data reveal, for fields larger than the
critical field Bc ≈ 8 T, at which the magnetic order is suppressed, a dramatic increase of κab at all temperatures
investigated. The analysis of our data shows that the phonons are not only strongly scattered by a magnetic mode
at relatively large energy which scales roughly linearly with the magnetic field, but also by a small-energy mode
which emerges near Bc with a square-root-like field dependence. While the former is in striking agreement with
recent spin-wave theory (SWT) results of the magnetic excitation spectrum at the � point, the energy of the
latter is too small to be compatible with the SWT-expected magnon gap at the M point, despite the matching
field dependence. Therefore, an alternative scenario based on phonon scattering off the thermal excitation of
random-singlet states is proposed.

DOI: 10.1103/PhysRevB.102.235155

I. INTRODUCTION

For more than a decade, the celebrated Kitaev model
describing spin-1/2 degrees of freedom on a honeycomb lat-
tice with bond-dependent interactions [1] has been attracting
much attention. This strongly frustrated spin model is exactly
solvable and has been shown to exhibit a gapless quantum
spin liquid (QSL) ground state with spin excitations which
fractionalize into localized Z2 gauge fluxes and itinerant Ma-
jorana fermions [1–3]. An external magnetic field renders
the ground state a topological quantum spin liquid (TQSL),
with peculiar properties. Chiral Majorana edge modes arise
within the field-induced gap, and the Z2 vortices acquire non-
Abelian anyonic statistics, rendering Kitaev materials relevant
for quantum computing [1].

Substantial effort has been devoted towards experimen-
tally realizing Kitaev’s spin liquid. Candidate materials are Ir
and Ru compounds where considerable spin-orbit interaction
leads to the emergence of Kitaev interaction between spin-
orbit entangled jeff = 1/2 moments [4–6]. However, most
of these compounds exhibit a magnetically ordered ground
state due to the presence of additional interactions in the
Hamiltonian [7–9]. Consequently, ways of suppressing this
order in favor of a spin liquid have been sought for, and one
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of the most promising materials here is α-RuCl3. It displays
zigzag antiferromagnetic order in zero magnetic field below
TN ≈ 7 K [10–12]. This long-range order can be suppressed
by an in-plane field of Bc ≈ 8 T, where signatures of quantum
criticality have been reported [13–16]. At fields larger than Bc,
magnetic order remains absent, and it has been speculated that
a field-induced TQSL exists for B > Bc in a window of mag-
netic fields [13,17,18]. This notion seems to be spectacularly
corroborated by the recent report of half-integer quantization
of the thermal Hall conductance near Bc [19]. Independently,
there is evidence that the magnetic excitation spectrum at B >

Bc is adiabatically connected to the polarized state realized
in the high-field limit: Field-dependent magnon-type excita-
tions at the � point, as observed by electron spin resonance
(ESR) [20,21] and Raman spectroscopy [22], as well as a
field-dependent low-energy gap extracted from specific-heat
data [13], appear consistent with semiclassical spin-wave the-
ory (SWT) and exact-diagonalization (ED) results [13,23,24]
for extended Heisenberg-Kitaev-Gamma models. Here, the
high-field magnon spectrum is characterized by a dispersion
minimum at the M point and a van Hove singularity at the �

point.
Magnetic excitations affect the heat transport in solids in

two distinct ways: They carry heat themselves, leading to
a magnetic contribution to thermal conductivity which may
expose important information about the excitations’ heat ca-
pacity and scattering properties [25–27]. In addition, magnetic
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excitations act as scattering channels for other heat-carrying
modes, most importantly phonons. If thermal conductivity
is dominated by the latter, then thermal conductivity carries
information about spin-phonon scattering [28,29].

For α-RuCl3, previous studies have revealed that the
longitudinal heat conductivity is primarily phononic, with
substantial spin-phonon coupling leading to strongly field-
and temperature-dependent spin scattering of the phonons
[30,31]. Considerable controversy exists, however, with re-
spect to a sizable transversal heat conductivity that has been
observed in the material for out-of-plane magnetic fields
[32,33]. On one hand, this has been interpreted as evidence for
thermal transport by Majorana fermions [32], which directly
connects to the aforementioned half-integer quantization of
the thermal Hall conductance [19]. On the other hand, it has
been pointed out that a purely phononic origin cannot be
excluded [33,34]. For example, several theories have inves-
tigated the particular role of spin-phonon interaction on the
phonon thermal Hall effect [35–37].

Motivated by these results, we investigate in this work the
in-plane longitudinal thermal conductivity κab for in-plane
magnetic fields in an extended magnetic field and temperature
range, namely, fields up to 33 T, from sub-Kelvin tempera-
tures up to 80 K. Our data reveal that for B > Bc, the heat
conductivity dramatically increases with the magnetic field
at all temperatures investigated. These results provide strong
evidence that the phonons are scattered not only by a magnetic
mode at the � point, but additionally by further, quite dif-
ferent magnetic excitations. While the energy of the former,
as already inferred previously [30], strongly increases with
increasing field above Bc, reaching about 100 K at 30 T,
the energy of the latter is more than an order of magnitude
smaller. As we show, this appears inconsistent with spin-wave
modes of the high-field phase. We conjecture that this scat-
tering arises from a small concentration of residual defects
which create random-singlet-type excitations below the bulk
energy gap of the high-field phase, possibly consistent with
nuclear magnetic resonance (NMR) results showing persistent
relaxation at temperatures below the bulk gap [17,38].

II. EXPERIMENTAL DETAILS

Single crystals of α-RuCl3 have been grown by chemical
vapor transport [30]. For 8 � T � 80 K, κab measurements
were performed in a home-built probe, employing a four-
points measurement geometry. One face of the rectangularly
shaped single crystal (sample 1) was thermally excited by
a resistive chip heater, and the resulting temperature gra-
dient across the sample was picked up by a differential
Au/Fe-Chromel thermocouple. The field calibration of the
thermocouple was obtained in situ by monitoring the tem-
perature gradient of a glass sample (Herasil) in an identical
four-points configuration with a second thermocouple of iden-
tical build, assuming a field-independent thermal conductivity
for this nonmagnetic material. Data were taken up to 30 T
at constant temperatures with the magnetic field ramped in
2 T steps, with the required holding time to allow for thermal
equilibrium to be reached at each B and T value.

Measurements at T < 4 K were performed on a sec-
ond single crystal (sample 2). A closed-cycle 3He-cooled
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FIG. 1. Temperature dependence of the longitudinal heat con-
ductivity κab of α-RuCl3 parallel to the honeycomb layers in zero and
high in-plane magnetic fields. Data for 10 � B � 16 T were taken
at IFW Dresden (squares), data for the same sample, B = 0 and
B � 18 T at HFML (circles). The temperature scale is logarithmic;
dashed lines are guides to the eye.

setup was used, employing a standard steady-state one-heater,
two-sensors (Cernox chip thermometers) geometry. The two
thermometers were calibrated in situ, where data were taken
up to 33 T in an analogous manner to the high-T (T � 8 K)
measurements. For both samples, magnetic fields were ap-
plied in-plane, directed perpendicular to the heat current. All
high-field measurements have been conducted at HFML. For
sample 1, additional measurements with B � 16 T have been
performed at IFW Dresden using the same setup, yielding
field-dependent data in excellent agreement with the HFML
results for the overlapping field range. The three data sets
obtained show good consistency and are presented in this
work modulo a fixed scaling factor for direct comparability.

III. RESULTS

We first address the in-plane thermal conductivity κab

for temperatures T � 5 K in high external magnetic in-plane
fields 0 � B � 30 T, as shown in Fig. 1. For B � 18 T, these
data are very similar to our previous results for the same tem-
perature range [30]: At zero magnetic field (gray circles), κab

first exhibits a sharp kink at the magnetic ordering temperature
at about 7.7 K, followed by a broad peak at about 40 K. The
well-defined TN ≈ 7 K is a clear indication that our samples
are free from stacking faults [12]. Applying an in-plane ex-
ternal magnetic field B � Bc causes a strong enhancement of
κab, with the increase below T ≈ 40 K being most prominent.
Remarkably, the further enhancement of the magnetic field up
to 30 T causes a mere continuation of the field enhancement
of κab lacking any signs of saturation, resulting in a fivefold
amplification of κab at T = 15 K as compared to its zero-field
value (see Fig. 1).

The nonsaturating field dependence κab(B) at fixed temper-
ature can be observed more accurately in Fig. 2(a). While a
small decrease of κab(B) is discernible at B � Bc, larger fields
B � Bc cause a strong increase of κab(B) for all T � 8 K. The
slope ∂κab/∂B is highest at 8 to 15 K, then gradually decreases
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FIG. 2. (a),(b) Magnetic field-dependent data of the longitudinal heat conductivity κab of α-RuCl3 parallel to the honeycomb layers at
constant T . The data of sample 1 were taken at IFW Dresden (open squares) as well as at HFML (open circles); sample 2 was measured at
HFML (open triangles). (a) At B � Bc, κab increases strongly at all temperatures measured. (b) Semilogarithmic plot of the low-T data—a
substantial field dependence up to the highest field is visible down to the lowest temperatures, as discussed in the main text. (c) Illustration
of the expected relative field dependencies κrel = [κab(B) − κab(10 T)]/κab(10 T) at three distinct temperature regimes (see text) for a model
comprising one characteristic magnetic scattering mode of energy �. Details on the calculations are specified in the Appendix.

with increasing T , where even at 80 K a finite slope is still
detectable.

Qualitatively, the observed κab(T, B) is consistent with an
all-phononic heat conductivity, which is affected by a strong,
B- and T -dependent spin-phonon scattering. More specifi-
cally, as has been shown in Ref. [30], at fields above about 8 T,
a single magnetic mode, the energy h̄ω0 of which increases
about linearly with the field, is capable of causing a concomi-
tant strong enhancement of κab(T, B) if the heat-transporting
phonons of the mode’s energy are strongly scattered off it. As
mentioned in Sec. I, the existence of such a magnetic mode
has been confirmed by several probes, including NMR [17],
ESR [20,21], Raman [22], as well as neutron scattering [39],
and is also predicted theoretically in SWT and ED model
calculations, where it is connected to a van Hove singularity
near the � point [13,23,24]. The nonsaturated κab(B) even at
30 T therefore suggests that the energy of this mode contin-
ues to increase linearly beyond 18 T, up to the highest field
measured.

In such a scenario, the reduction of the slope ∂κab/∂B
with increasing temperature naturally results from the scat-
tered phonons’ reduced contribution to the total phonon heat
conductivity: This is because the phonons predominantly car-
rying the heat have an energy h̄ω ∼ kBT [30,40,41]. Thus, for
T → ∞, the field dependence of h̄ω0 becomes increasingly

unimportant for κab(T, B) and leads to a vanishing slope as
soon as T > h̄ω0(B)/kB. To illustrate this temperature effect,
Fig. 2 shows the heat conductivity’s expected relative mag-
netic field dependence κrel for three temperature regimes, with
a single magnetic scattering mode of energy � present in the
system. Consequently, for the case T � �/kB shown in the
top panel, the strong field increase present at intermediate
temperatures (T ∼ �/kB, center panel) is reduced to less than
2% over the investigated field range. The corresponding limit
is reached in the experimental data at approximately 80 K;
see Fig. 2(a). In a similar fashion to the high-temperature
case, one can argue that towards T → 0, one would expect
a rapidly diminishing slope ∂κab/∂B [see bottom panel of
Fig. 2(c)].

One can test the latter expectation quite conveniently by
probing the thermal conductivity at about 1 K. Here, T �
h̄ω0(B)/kB should always be fulfilled since h̄ω0(B)/kB �
30 K at B > 12 T [20,30]. Figures 2(a) and 2(b) show our per-
tinent low-temperature measurements (sample 2) for T < 4 K
as a function of the magnetic field up to 33 T. While the
data in the magnetically ordered phase at B � 7.5 T show
a similar nonmonotonic field dependence as reported previ-
ously [16,31], for a magnetic field beyond ∼8 T, κab(B) still
substantially increases with the magnetic field. This entails
a sizable positive slope of κab(B) even at 0.7 K and high
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FIG. 3. (a) Temperature dependence of κab of α-RuCl3 (open symbols, sample 1) for T � 8 K with fits to the two-mode model. The inset
shows the field dependence of the obtained energy scales h̄ω0(B) (red) and h̄ω1(B) (green, scaled for better visibility). The square-root fit to
the low-energy excitation’s energy is indicated by the dashed line. Open squares are the literature data for h̄ω0(B), reproduced from Ref. [30].
(b) Low-temperature magnetic field dependence of κab (open symbols, sample 2); lines are fits as described in the text.

B > 20 T, in clear contradiction to the expectation described
above and depicted in the lower panel of Fig. 2(c).

Clearly, this main finding of our work, i.e., the unexpected
field-induced enhancement of the low-temperature thermal
conductivity, provides information about the low-energy ex-
citations of α-RuCl3. A new transport channel carried by
magnetic excitations rising in field appears unlikely since the
increasing Zeeman energy naturally depletes magnetic low-
energy excitations in the quantum disordered phase at B � Bc.
Thus, the only way to rationalize the observed enhancement is
to understand it similarly to the higher-temperature findings as
a result of a field-induced reduction of the phonon scattering.
However, since the known lower bound h̄ω0(B) of magnetic
excitation energies of α-RuCl3 is far too large to cause the
observed field dependence, we conjecture that additional mag-
netic scattering at energies h̄ω1 persists with ω1 � ω0, even
at 33 T.

In our previous work, we had employed a modified Call-
away model for describing the in-plane field dependence of
κab by introducing a magnetic scattering term to the con-
ventional expressions for phonon-phonon, phonon-defect, and
phonon-boundary scattering [30]. More specifically, we had
used an empirical field-dependent magnetic phonon scattering
rate

τ−1
mag,0 = C0	(K − h̄ω)

exp
(− h̄ω0

kBT

)
1 + 3 exp

(− h̄ω0
kBT

) , (1)

which mimics phonons scattering off a magnetic excita-
tion continuum effective in zero field in the energy range
0 � h̄ω � |K|. Here, K is the Kitaev interaction, 	 is the
step function, and C0 is a field-dependent parameter measur-
ing the scattering strength. The energy scale h̄ω0 plays the
role of a field-induced low-energy cutoff. Indeed, using the

high-temperature (T � 8 K), high-field data, good fits can be
obtained with parameters consistent with our previous results
[see Fig. 3(a); fit parameters are presented in the Appendix].
Remarkably, as to be expected from our qualitative discussion
of the high-field data, our fit yields ω0(B) to increase approx-
imately linearly up to 30 T [inset of Fig. 3(a)].

To account for additional low-energy scattering in the
model, as explained above, a straightforward approach is to
introduce a second magnetic scattering rate τ−1

mag,1 of identical
form as Eq. (1), with the coupling C1 and the field-dependent
energy scale h̄ω1, such that with

τ−1
mag = τ−1

mag,0 + τ−1
mag,1, (2)

a two-mode model is defined.
Because the two magnetic scattering modes contribute

to the field dependency of κab at well-separated temper-
ature regimes, the very low-temperature data (T < 1.5 K)
can be fit by the two-mode model with τ−1

mag,0 set to zero,
as the corresponding scattering becomes significant only at
higher energies/temperatures. This leaves only a single mag-
netic scattering term for fitting multiple κab(B) curves, while
maintaining the previously obtained phononic parameters. As
shown in Fig. 3(b), it is indeed possible to reproduce the low-
temperature field dependence. With this fitting approach, we
find that h̄ω1(B)/kB varies in a sublinear fashion with B − Bc

and reaches approximately 6 K at 33 T (see the Appendix
for the fit parameters and a comparison of various power-
law fits). Moreover, the scattering intensity of the low-energy
excitation, as quantified by the prefactor C1, appears to be by
a factor of 50 smaller than that of the higher-energy scattering
mechanism. This is also the reason why including the second
magnetic scattering term in the modeling does not change the
conclusions concerning the dominant high-energy scattering
mechanism.
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IV. DISCUSSION AND SUMMARY

As already mentioned above, the large-energy scale h̄ω0

with its linear field dependence is in almost perfect agreement
with magnon-type excitations at the � point, as probed by
ESR and Raman scattering [20–22]. Thus, in the temperature
regime of about 8 to 80 K, the very strong field dependence of
κab is straightforwardly interpreted to originate from phonon
scattering off such magnons with small momenta [30]. Quite
clearly, such magnons are consistent with microwave absorp-
tion data [20,21]. In fact, using a parameter set which results
from fits to inelastic neutron-scattering spectra, theoretical
results for the magnetic excitation spectrum both in ED and
SWT [13,23,24] yield a magnon mode at the � point which,
beyond the critical field Bc, reproduces remarkably well the
ESR data and our results for h̄ω0 concerning both the mode’s
energy as well as its linear field dependence. Since these
excitations are the lowest-lying ones near the � point, the
conjectured mode at h̄ω1 must be of a different nature. While
its sublinear field dependence may be consistent with that of
quantum critical excitations at the M point [13,24], the mode
energy h̄ω1 which we extract from our data is smaller, by at
least a factor of 10, than the magnon gap energy as calcu-
lated in SWT and experimentally extracted from specific-heat
measurements [13,24]. This inconsistency appears to rule out
the possibility that the low-energy magnetic scattering origi-
nates from conventional high-field magnons (or bound states
thereof).

Alternatively, it seems quite possible that the scattering
arises from defect-induced low-energy excitations. Signatures
of such excitations appear in NMR data on nominally clean
α-RuCl3 [17], and they have been studied recently in some
detail in Ir-doped α-RuCl3 [38]. The excitations have been
discussed in terms of random spin singlets with a broad
distribution of (relatively small) binding energies. The ther-
mal excitations of such singlets inevitably scatter phonons
and thus one can expect an impact on the phonon heat
conductivity. Since the external magnetic field increasingly
polarizes such singlets, their density of states is field de-
pendent, and the phonon scattering should become weaker
with increasing field. In this case, the extracted energy scale
h̄ω1 does not directly correspond to a specific mode energy,
but rather is an effective quantity which accounts for the
field-induced depletion of random singlets. We note that the
relatively small scattering intensity of the low-energy excita-
tions, C1 � C0, is fully compatible with them being defect
induced. A detailed modeling of phonon scattering by random
singlets requires more insights into the microscopics of disor-
dered Kitaev magnets at elevated fields and is left for future
work.

In summary, our high-field/low-temperature study of the
phonon heat conductivity of the Kitaev material α-RuCl3

reveals that low-energy spin excitations exist which are
incompatible with conventional magnonlike excitations. A
possible origin for these low-energy modes is random sin-
glets, which could emerge from natural impurities in the
system. Thus, our study underpins the intriguingly rich quan-
tum nature of the ground state α-RuCl3 and calls for further
experimental and theoretical studies.

TABLE I. Field-independent parameters for fitting κab.

A D L K/kB

Parameter (10−31 K−1 s2) b (10−43 s3) (10−3 m) (K)

κab 8.27 4.21 5.26 0.19 59.5
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APPENDIX

A. Fitting of κab data

The temperature-dependent data were fit via an analogous
routine as described in great detail in the supplement of [30].

More specifically, we use the Callaway model [40,41] for
analyzing the phononic heat conductivity. The model yields
the low-T approximation,

κab(T ) = kB

2π2vs

(
kBT

h̄

)3 ∫ 	D/T

0

x4ex

(ex − 1)2 τc(ω, T ) dx,

(A1)

with Boltzmann’s constant kB, Planck’s constant h̄, the Debye
temperature 	D, x = h̄ω/kBT , and the effective phonon scat-
tering rate τ−1

c which depends on both ω and T .
For conventional phononic systems (i.e., nonmagnetic,

electrically insulating crystals), the effective phonon scatter-

TABLE II. Fitting parameters for the magnetic scattering term
[Eq. (1)] for fitting κab.

Magnetic h̄ω0/kB C0 h̄ω1/kB C1

field T (K) (109 s−1) (K) (107 s−1)

10 0 2.58 1.16 4.5
12 14.3 2.81 2.11 4.5
14 26.1 2.99 3.00 4.5
16 36.0 2.9 3.49 4.5
18 41.6 2.89 4.10 4.5
20 50.2 2.76 3.94 4.5
22 60.5 2.74 4.28 4.5
24 73.5 2.96 4.81 4.5
26 85.3 2.97 5.09 4.5
28 97.8 3.21 5.46 4.5
30 112.3 3.39 5.66 4.5
33 5.94 4.5
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FIG. 4. Field dependence of h̄ω1(B) (green circles) and multiple
fits thereof according to Eq. (A4).

ing rate in Eq. (A1) is composed of conventional scattering
mechanisms, for which empirical expressions are well es-
tablished, viz. phonon-phonon umklapp scattering τ−1

P =
A T ω3e−	D/bT , phonon-defect scattering τ−1

D = Dω4, and
phonon-boundary scattering τ−1

B = vsL−1:

τ−1
c,0 = τ−1

P + τ−1
D + τ−1

B . (A2)

The phenomenological magnetic scattering rate τ−1
mag adds

to the the rate as

τ−1
c = τ−1

c,0 + τ−1
mag. (A3)

Table I lists the field-independent phononic parameters of
τ−1

c as well as the cutoff energy (Kitaev interaction) K used
for the fits shown in Fig. 3. Note that the data of sample 1
and sample 2, collected at HFML and IFW Dresden, were
scaled prior to fitting them to the Callaway model, allowing
for treatment as a single data set with common phononic
parameters, spanning the entire T and B ranges. Table II
lists the fitting parameters of the magnetic scattering term

TABLE III. Parameters of power-law fits for h̄ω1(B)/kB, as de-
picted in Fig. 4.

Fit No. a (K) Bc (T) c

1 3.68 8.91 0.5
2 3.49 9.81 0.35
3 3.41 8.29 0.55
4 1.77 5.82 0.7

τ−1
mag = τ−1

mag,0 + τ−1
mag,1 used for the fits shown in Fig. 3. It is

remarkable that a field-dependent spin-phonon-coupling C0

must be allowed for in order to satisfactorily explain the data
with our simple model. The so found spin-phonon coupling
increases roughly linearly by about 30% over the investigated
field range.

B. Illustration of κab(B, T ) for a single magnetic scattering term

For the illustrations shown in Fig. 2(c), a single-mode
model was used with realistic fitting parameters (Table I).
The employed temperatures in the three panels of Fig. 2(c)
are T = 0.7 K (bottom panel), T = 16 K (center panel), and
T = 128 K (top panel). Values for h̄ω0(B)/kB were obtained
by linearly extrapolating previous results [30], according to
h̄ω0(B)/kB = 4.02 K/T × B − 22.2 K.

C. Fitting of the field dependence of h̄ω1

Figure 4 shows the obtained field-dependent values of h̄ω1

in detail. As discussed in the main text, the field dependency
of h̄ω1 may be described by a power law according to

h̄ω1(B)/kB = a[(B − Bc)/Bc]c, (A4)

where c = 1/2 leads to good agreement with our data. The
corresponding fit, depicted in the inset of Fig. 3(a), is repro-
duced in Fig. 4 as a green dashed line. As can be inferred from
several additional power-law fits plotted in Fig. 4 as dashed
lines, mediocre fits can also be obtained for the approximate
range 0.4 � c � 0.55. The pink dashed line illustrates the
best fit with c = 0.7 according to the previous analysis of
specific-heat data [13], where a rather unrealistic Bc ≈ 5.8 T
is used.

All parameters of the depicted fits are listed in Table III.
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