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2Materials Science and Technology Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee, USA

3Department of Materials Science and Engineering, University of Tennessee,
Knoxville, Tennessee, USA

4Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
5Department of Physics, University of Toronto, Toronto, Ontario, Canada
6Canadian Institute for Advanced Research, Toronto, Ontario, Canada

(Received 11 November 2021; revised 2 February 2022; accepted 22 February 2022; published 29 April 2022)

The material α-RuCl3 has been the subject of intense scrutiny as a potential Kitaev quantum spin liquid,
predicted to display Majorana fermions as low-energy excitations. In practice, α-RuCl3 undergoes a
transition to a state with antiferromagnetic order below a temperature TN ≈ 7 K, but this order can be
suppressed by applying an external in-plane magnetic field of Hk ¼ 7 T. Whether a quantum spin liquid
phase exists just above that field is still an open question, but the reported observation of a quantized
thermal Hall conductivity atHk > 7 T by Kasahara and co-workers [Nature (London) 559, 227 (2018)] has
been interpreted as evidence of itinerant Majorana fermions in the Kitaev quantum spin liquid state. In this
study, we reexamine the origin of the thermal Hall conductivity κxy in α-RuCl3. Our measurements of
κxyðTÞ on several different crystals yield a temperature dependence very similar to that of the phonon-
dominated longitudinal thermal conductivity κxxðTÞ, for which the natural explanation is that κxy is also
mostly carried by phonons. Upon cooling, κxx peaks at T ≃ 20 K, then drops until TN , whereupon it
suddenly increases again. The abrupt increase below TN is attributed to a sudden reduction in the scattering
of phonons by low-energy spin fluctuations as these become partially gapped when the system orders. The
fact that κxy also increases suddenly below TN is strong evidence that the thermal Hall effect in α-RuCl3 is
also carried predominantly by phonons. This implies that any quantized signal from Majorana edge modes
would have to come on top of a sizable—and sample-dependent—phonon background.

DOI: 10.1103/PhysRevX.12.021025 Subject Areas: Condensed Matter Physics, Magnetism
Strongly Correlated Materials

I. INTRODUCTION

The quasi-2DMott insulator α-RuCl3 has attracted much
interest since it was proposed as a promising material for
realizing a Kitaev spin liquid state, thanks to its honeycomb
lattice with anisotropic bond-directional spin interactions
[1,2]. The Kitaev model predicts the existence of mobile

Majorana fermions as quasiparticles that would manifest as
topologically protected heat carriers on the edges of the
sample. In principle, such Majorana edge modes could be
detected by measuring the thermal Hall effect [3–5], and
their signature would be a half-integer quantized thermal
Hall conductivity per plane κ2Dxy ¼ κxy d at low temperature
(d is the honeycomb interlayer distance). However, because
α-RuCl3 orders antiferromagnetically at low temperature,
below TN ¼ 7 K, in order to access the putative spin
liquid phase one must apply an in-plane magnetic field
in excess of a critical field Hk ¼ 7 T to suppress the
magnetic order. The possibility thus arises that a spin liquid
phase could emerge immediately above that critical field.
An inelastic neutron scattering study finds a magnetically
disordered state at T → 0, sandwiched between the ordered
phase below Hk ¼ 7 T and a field-polarized phase
above Hk ≃ 9 T, which is reminiscent of a quantum spin
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liquid [6]. A few studies of heat transport have reported the
observation of a quantized κxy in some samples of α-RuCl3,
in a narrow range of in-plane fields (6 < Hk < 9 T) and
temperatures (3 < T < 6 K) [7–9]. However, since then, a
number of studies have reported κxy signals in various
insulators and attributed them to phonons [10–14]. The κxy
response can have either sign, and the magnitude of κxy is
easily as large as that found in α-RuCl3, often larger.
Typically, in those studies that attribute the thermal Hall
effect to phonons, one finds that the magnitude of κxy scales
roughly with the magnitude of the phonon thermal con-
ductivity κxx, with a ratio jκxy=κxxj of order 10−3. These
studies raise the possibility that phonons might also
generate a thermal Hall effect in α-RuCl3.
In this paper, we explore that possibility. We measured

the thermal conductivity κxx and thermal Hall conductivity
κxy in several samples of α-RuCl3, coming from two
different sources. We find a substantial variation in the
magnitude of κxx and κxy from sample to sample, but the
same qualitative behavior. Upon cooling from 80 K, κxx and
κxy exhibit similar behaviors, namely a peak in κ=T versus
T at roughly the same temperature T ≃ 20 K, followed
by a dip toward TN . If the magnetic field is applied along
the c� direction, both κxx=T and κxy=T exhibit a rapid rise
below TN. If a magnetic field is applied such that its in-
plane component is Hk ¼ 7 T, thereby suppressing the
magnetic order, both κxx=T and κxy=T continue their
monotonic decrease as T → 0. The fact that κxyðTÞ mimics
the phonon-dominated κxxðTÞ is strong evidence that the
thermal Hall signal is also dominated by phonons.
Moreover, we find that κxy=κxx ≃ 10−3 at low temperature,
a magnitude typical of the phonon Hall effect in other
insulators. Finally, the fact that there is a sizable κxy signal
below TN, in the antiferromagnetic phase, shows that it
does not simply arise from the excitations of a pure spin
liquid phase. All this calls into question any interpretation
of prior data exclusively in terms of Majorana fermions.

II. METHODS

A. Samples

We measured a variety of samples coming from two
different groups: Oak Ridge National Laboratory (ORNL)
and the University of Toronto (UofT). Single crystals from
ORNL were grown using the vapor transport method on
α-RuCl3 powder coming from Furuya Metal Co., Ltd; the
growth technique is detailed elsewhere [15]. Single crystals
from UofT were grown using the same method but using
powder coming from Sigma-Aldrich. The powder used was
composed of 45%–55% ruthenium and was sealed in a
quartz tube under vacuum. The latter was placed inside a
two-zone tube furnace using a temperature gradient of
70 °C (warmest side was 850 °C). The powder was annealed
over two days, followed by a 4 °C=h cooldown while

maintaining the temperature gradient (see Ref. [16] for
more details). Here we report data on four samples from
ORNL (labeled O1, O2, O3, and O4) and one sample from
UofT (labeled T1). The samples from ORNL were cut into
thin rectangular platelets of typical dimensions 1 × 1 mm,
with thicknesses ranging from 20 to 140 μm, whereas the
sample T1 from UofT is as grown (not cut). Specific heat
and magnetization curves versus T in high-quality crystals
from the same batch as sample T1 show no trace of extra
phases. Sample T1 was handled very carefully, so as to not
induce any strain in themounting process. Themagnetic field
was only applied parallel to the c� axis, thereby producing no
torque. The higher conductivity κxx of sample T1 compared
to the other samples [Fig. 2(a)] may, as a result, reflect a
higher structural quality. Note, however, that all our findings
are qualitatively consistent across all samples, leading to the
same conclusions. The contacts on the samplesweremade by
gluing thin silver leads with silver paste.

B. Measurement technique

Measurements were performed by a steady-state method
using a standard four-terminal technique, with the thermal
current applied along the length of the sample within the
honeycomb layers (perpendicular to the Ru-Ru bonds; Jjja).
The thermal conductivity κxx was measured by employing a
standard one-heater–two-thermometers method, using a
5 kΩ resistor and two in situ calibrated bare chip CX-
1050 Cernox sensors. A constant heat current J was injected
at one end of the sample, while at the other end the sample is
well heat sunk to a copper block referenced at a temperature
T0 (see Fig. 1). The heat current was generated by sending an
electrical current through a 5 kΩ strain gauge whose resis-
tance is marginally dependent on temperature and magnetic
field. A longitudinal thermal gradient ΔTx ¼ Tþ − T− is
measured at two points along the length of the sample,
separated by a distance l. The longitudinal thermal
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FIG. 1. Sketch of the thermal Hall conductivity measurement
setup. Directions of both thermal current and external magnetic
field are shown with colored arrows; the latter can be decomposed
into two components Hk (red) and H⊥ (green) if the total field H
makes an angle with the sample’s basal plane.
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conductivity is given by κxx ¼ J=ðΔTxαÞ, whereα ¼ wt=l is
the geometric factor of the sample (width w, thickness t).
Under a magnetic field applied perpendicular to the basal

plane, a transverse thermal gradientΔTy resulted (see Fig. 1).
This transverse gradient was measured using a differential
type-E thermocouple. The field can also be tilted at an angle,
such that itwill have a component in theplane (Hk), aswell as
normal to the plane (H⊥).When the field direction is between
the plane and the c� direction, a torque is applied to the
sample, which can sometimes detach the sample from its
mount or bend the sample. We performed several attempts
with a field at 45°, using different samples. For the meas-
urement reported here at 45° out of the basal plane, the
experiment worked well: the sample was glued firmly
enough to withstand the torque, and was robust enough
not to be bent by the external magnetic field. It emerged
unaffected from the experiment and the data are reliable.
The thermal Hall conductivity is then given by κxy ¼

κyyðΔTy=ΔTxÞðl=wÞ after having antisymmetrized the
thermal Hall gradient via ΔTyðHÞ ¼ ½ΔTyðT;HÞ−
ΔTyðT;−HÞ�=2 (we take κyy ¼ κxx). The error bars on
the absolute values of thermal coefficients come mostly
from the uncertainty in estimating the dimensions (l, w, and
t) of the samples, approximately �20%. The applied
current was chosen such that ΔT=T ≃ 5%–10%; the
resulting κxx was independent of ΔT, indicating that there
was no heat loss. Any contamination of ΔTyðHÞ coming
from the copper heat sink was ruled out by a previous study
that compared heat sinks made of Cu versus LiF (see
Supplemental Information in Ref. [14]). Moreover, ΔTy

data obtained with thermocouples were found to be in good
agreement with ΔTy data obtained with Cernox sensors
applied to the same sample.

III. RESULTS

In Fig. 2(a), we show the thermal conductivity of
α-RuCl3 measured in five crystals, plotted as κxx=T versus
T. We see that there is a considerable variation in the
magnitude of κxx among samples, by a factor 3 or so, with
the largest κxxðTÞ value seen in sample T1. Prior data by
Leahy et al. [17] and Hentrich et al. [18] fall within the
range of magnitudes of our own samples. Kasahara et al.
[19] find a κxxðTÞ that is 2–3 (7–8) times larger than our
data on sample T1 (O2). This variation in magnitude is
attributed to different levels of disorder, perhaps structural
(associated with domains that form upon cooling through
the structural transition at 130 K). Despite this quantitative
variation, the qualitative behavior of κxxðTÞ is the same in
all samples. There is a peak in κxx=T versus T at T ≃ 20 K,
below which κxx=T drops as T → TN . As argued by
Hentrich et al. [18], the dominant carriers of heat in
α-RuCl3 are phonons, and these become increasingly
scattered by low-energy antiferromagnetic spin fluctuations
upon cooling below 80 K. It is this scattering that causes

κxx=T to drop as T → TN (from above). Application of a
magnetic field in the plane gaps the low-energy spin
fluctuation spectrum, causing κxx at T ¼ 10 K (> TN) to
increase rapidly for H > 10 T [18].
As we cool below TN, at T < 7 K (< TN), we see that

κxx=T (in zero field) shoots up immediately in all samples
[Fig. 2(a) and Refs. [17–19]], presumably because the
magnetic order also causes a gapping of the low-energy
spin fluctuation spectrum. This V-shaped dependence
of κxx=T versus T at H ¼ 0 T is mimicked by a similar
V-shaped dependence of κxx versus H at T < 1 K, with the
minimum at the critical field of 7 T [20]. In summary, the
thermal conductivity of α-RuCl3 at low temperature
(T < 50 K) can be understood essentially in terms of
phonons scattered by spin fluctuations.
In Fig. 2(b), we show the thermal Hall conductivity of

α-RuCl3 measured in the same 5 samples, plotted as κxy=T
versus T for a field H ¼ 15 T applied normal to the plane
(Hjjc�). There is considerable variation in the magnitude of
κxy across samples, even larger than that seen in κxx. Prior
data by Hentrich et al. [21] (with H ¼ 16 T) yield a κxyðTÞ
curve very similar, quantitatively and qualitatively, to the

(a)

(b)

FIG. 2. (a) Thermal conductivity of α-RuCl3 in zero magnetic
field, plotted as κxx=T versus T, for our five different samples: T1
(black), O1 (green), O2 (red), O3 (blue), and O4 (gold).
(b) Thermal Hall conductivity of the same five samples, measured
in a magnetic field of H ¼ 15 T applied normal to the honey-
comb layers (ab plane), plotted as κxy=T versus T. The κxy data
for sample T1 (black) have been multiplied by a factor 0.4. Lines
are a guide to the eye.
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curve for our sample O2 (for which H ¼ 15 T). Kasahara
et al. [19] find a κxyðTÞ curve that is 3–4 times larger than
that. Despite the quantitative variation, the qualitative
behavior of κxyðTÞ is the same in all samples from all
groups—at least for T > TN. The thermal Hall signal is
positive, and there is a peak in κxy=T versus T at T ≃ 20 K,
below which κxy=T drops as T → TN . In other words,
κxyðTÞ mimics the phonon-dominated κxxðTÞ.
Below TN, we observe an increase in κxyðTÞ upon

cooling [Fig. 2(b)], in all our samples. Although κxyðTÞ
dips down to a minimum at TN , in one case getting close to
zero (sample O4), it always remains positive. Data by
Hentrich et al. [21] on one sample show a κxyðTÞ curve that
dips to zero at TN , becoming perhaps very slightly negative;

however, no data were reported for T < 7 K. The data by
Kasahara et al. [19] do extend below TN, where they report a
negative κxy signal, in contrast to our positive signal. It is not
clear where this discrepancy comes from. We note that
Kasahara et al. also report that κxy goes from positive to
negative when the temperature is raised above T ≃ 55 K, a
sign change that is seen neither by Hentrich et al. nor by us, in
any sample [Fig. 2(b)]. In summary, our κxyðTÞ data from
all five samples show a clear similarity with the phonon-
dominated κxxðTÞ data, not only aboveTN , but also belowTN.
In Fig. 3, we compare these two curves for one sample

(O2), where the similarity between κxxðTÞ [Fig. 3(a)] and
κxyðTÞ [Fig. 3(b)] is striking. In Fig. 3(c), we plot the ratio
κxy=κxx versus T, measured atH ¼ 15 T, and see that κxy is
approximately 1000 smaller than κxx, at T ≃ 20 K. The
same is true for sample T1, whose κxy amplitude is 3–4
times larger (at T ≃ 20 K; see Fig. 2). For our five samples,
the ratio at T ¼ 20 K and H ¼ 15 T ranges from 0.03% to
0.10%. This is consistent with prior data by Hentrich et al.
[21] and Kasahara et al. [19], where κxy=κxx ≃ 0.05%.
As we discuss below, a ratio of this magnitude is typical for
a phonon thermal Hall effect.

(b)

(a)TN

(c)

FIG. 3. (a) Thermal conductivity of sample O2, plotted as
κxx=T versus T, for Hjjc� ¼ 15 T. (b) Thermal Hall conductivity
of the same sample, plotted as κxy=T versus T, under the same
conditions. (c) Ratio κxy=κxx (sample O2, red): data in (b) over
data in (a). Corresponding data for sample T1 are shown in black.
The gray shaded area delineates the region below TN (arrow)
where antiferromagnetic order is present. Lines are a guide to
the eye.

(a)

(b)

FIG. 4. (a) Thermal conductivity κxx of sample O2, plotted as
κxx=T versus T, for an applied magnetic whose component
normal to the honeycomb layers is H⊥ ¼ 7 T and whose
component parallel to the layers is eitherHk ¼ 0 T (red) orHk ¼
7 T (blue). (b) Same as in (a), for κxy. The horizontal dashed line
marks the quantized value (κHQ) expected for Majorana edge
modes, divided by 10. The arrows mark TN . Lines are a guide to
the eye.
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In Fig. 4, we show the effect of applying a component of
the field parallel to the honeycomb layers, so that the
antiferromagnetic order is suppressed. The red curves
are for H⊥ ¼ 7 T and no in-plane field (Hk ¼ 0 T).
Both curves—κxxðTÞ [Fig. 4(a)] and κxyðTÞ [Fig. 4(b)]—
are very similar to those in Fig. 3, where H⊥ ¼ 15 T (and
Hk ¼ 0 T). The only difference is quantitative: the magni-
tude of κxy is down roughly by a factor 7 T=15 T (the
reduction in H⊥). Adding an additional 7 T field compo-
nent in the plane (blue curves) has only a small effect above
7 K, but a dramatic one below 7 K: now κxxðTÞ and κxyðTÞ
no longer suddenly increase below 7 K ð¼ TNÞ but con-
tinue to decrease smoothly through 7 K, in the absence of
ordering. This makes sense for phonons, which continue to
be scattered by low-lying spin fluctuations that remain
ungapped down to the lowest temperature. So again, the
striking similarity between κxyðTÞ and the phonon-domi-
nated κxxðTÞ argues for a thermal Hall signal carried by the
phonons.

IV. DISCUSSION

Traditionally, the thermal Hall effect from phonons has
been considered very small [22]. First observed in 2005,
its magnitude in Tb3Ga5O12 was detected to be κxy ≃
0.02 mW=Km at H ¼ 3 T and T ¼ 5 K [23]. This is 2
orders of magnitude smaller than the signal first reported in
α-RuCl3, in 2017: κxy ≃ 4 mW=Km at H ¼ 6 T and T ¼
20 K [19]. So it was perhaps natural to rule out phonons in
2017, although that year a large thermal Hall effect was
reported in the antiferromagnetic insulator Fe2Mo3O8 and
attributed to phonons (and their coupling to spins), with
κxy ≃ 30 mW=Km at H ¼ 14 T and T ¼ 35 K [24], one
order of magnitude larger than in α-RuCl3. Since then, it
has become abundantly clear that phonons can carry a
sizable thermal Hall conductivity in various insulators,
whether magnetic, as in the antiferromagnetic cuprate Mott
insulator La2CuO4 [10,13], or nonmagnetic, as in the
quantum paraelectric SrTiO3 [12]. The magnitude of κxy
(at H ¼ 15 T and T ¼ 20 K) can vary from jκxyj ≃
1 mW=Km in Tb2Ti2O7 [11,22] to jκxyj ≃ 200 mW=Km
in Nd2CuO4 [14] and become as large as jκxyj ≃
1000 mW=Km in Cu3TeO6 [25]. Although the mecha-
nisms by which phonons acquire a handedness (become
chiral) in a magnetic field are still unclear in these
materials, the cumulative evidence that phonons are the
carriers of the thermal Hall effect in these insulators is
strong: although jκxyj varies by 3 orders of magnitude, the
ratio of κxy over the phonon-dominated κxx is roughly the
same, namely, jκxy=κxxj ≃ 2–5 × 10−3 in all cases (see
Table 1 in Ref. [25]). In other words, what really varies
from material to material is the ability of phonons to
conduct heat, i.e., the magnitude of κxx.
Being now aware of these more recent studies, it seems

very likely that phonons must also generate a sizable κxy

signal in the antiferromagnetic insulator α-RuCl3, espe-
cially given the measured ratio jκxy=κxxj ≃ 1 × 10−3 [at
H ¼ 15 T and T ¼ 20 K; see Fig. 3(c)]. [The ratio κxy=κxx
varies somewhat from sample to sample, namely, from
≃0.03% in samples O1 and O3 to ≃0.1% in samples O2,
O4 and T1, at T ¼ 20 T and H ¼ 15 T. Note that the
phonon conductivity κxx also varies by a factor 3 or so
[Fig. 2(a)], due to varying degrees of disorder.] We
emphasize that the ratio κxy=κxx has the same magnitude
(≃0.1% in sample O2) inside the quantum spin liquid
regime (atHk ¼ 7 T and T ≃ 5 K) (Fig. 4) and outside that
regime (at H⊥ ¼ 15 T, Hk ¼ 0 T, and T ≃ 20 K) (Fig. 3).
The immediate implication of having a sizable phonon
contribution to κxy in α-RuCl3 is that the total measured
value of κxy in any sample would include a sizable phonon
background, to which any contribution from Majorana
fermions would add. In this context, the reported obser-
vation of a plateau in κxy=T, over a small range of in-plane
fields (6 < Hk < 9 T) and temperatures (3 < T < 6 K)
[7], with a measured total value of κxy=T having precisely
the half-quantized value of πk2B=12ℏ per plane expected
theoretically for Majorana edge modes [3], can only be
meaningful if the phonon background is precisely zero. As
we have argued, this condition is unlikely to be satisfied in
α-RuCl3, at least when there is a component of the
magnetic field normal to the plane (and to the heat current),
which was the case in the study of Ref. [7]. It is not clear at
this stage whether phonons in α-RuCl3 could produce a
transverse thermal gradient even when the field is applied
entirely in the plane (Hk ¼ 0), e.g., along the a axis. This
open question requires new theoretical work, but it has been
suggested, for instance, that the anisotropic g factor of
α-RuCl3 could cause such a planar thermal Hall effect
(where JkHka). It may also be that the thermal Hall
conductivity of α-RuCl3 is not in fact half-quantized, as
recently argued on the basis of new data [26]. To investigate
the same configuration as in Ref. [7], we turn to our data in a
tilted field, displayed in Fig. 4 (blue curves). If the entire
signal is attributed to Majorana fermions, it is difficult to
understand why our value of κxy=T at Hk ¼ 7 T and T ¼
6 K is only κxy=T ≃ 0.04 mW=K2m [Fig. 4(b)], while the
value reported in Ref. [7] is κxy=T ≃ 0.8 mW=K2m, a factor
20 larger. On the other hand, if the signal is attributed to
phonons, then the likely reason for the much smaller κxy in
our sample is simply that its κxx is much smaller, with κxx ≃
0.5 W=KmatT ¼ 10 KandHk ¼ 7 T [Fig. 4(a)],while the
value reported in Ref. [7] is κxx ≃ 5 W=Km—a factor of 10
larger. In other words, a phonon scenario solves the puzzle of
why a thermal Hall conductivity that exceeds the half-
quantized value, κxy=T ¼ κHQ ¼ 0.8 mW=K2m, has only
been observed in samples that have the largest values of κxx
[7–9,27]: a larger value of κxy is what we expect from
phonons that conduct better (and thus produce a larger κxx),
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as nicely demonstrated by the highly conductive samples of
Cu3TeO6 [25].

V. SUMMARY

We have measured the thermal conductivity κxx and the
thermal Hall conductivity κxy of α-RuCl3, for a heat current
within the honeycomb layers (perpendicular to the Ru-Ru
bond; Jjja) in five different single crystals, from two
separate sources. Although the magnitude of κxx and κxy
vary significantly from sample to sample, presumably
because of varying degrees of structural disorder, we find
the same qualitative behavior in all samples. Upon cooling,
both κxxðTÞ and κxyðTÞ are found to have the same
temperature dependence, namely a broad peak located at
the same temperature T ≃ 20 K, followed by a decrease
until T ¼ 7 K, whereupon κxxðTÞ and κxyðTÞ either rapidly
rise in tandem upon entering the antiferromagnetic phase at
TN ¼ 7 K, when the field is applied normal to the layers, or
both continue their decrease, when the field has an in-plane
component sufficient to remove the antiferromagnetic
order. The fact that κxyðTÞ mimics the phonon-dominated
κxxðTÞ so well leads us to conclude that the thermal Hall
effect in α-RuCl3 is carried predominantly by phonons.
This interpretation is supported by the fact that the
magnitude of κxy in various samples of α-RuCl3 roughly
scales with the magnitude of the phonon-dominated κxx.
Moreover, the ratio κxy=κxx has a magnitude comparable to
that found in several other insulators where phonons have
been shown or argued to cause the Hall effect, namely,
jκxy=κxxj ≃ 1 × 10−3 (see Table 1 in Ref. [25]). If phonons
contribute significantly to the κxy signal of α-RuCl3
samples, the experimentally measured κxy cannot be
attributed directly and exclusively to theoretically predicted
Majorana fermions, as has been done in some reports.
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