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Quantized (or not quantized) thermal Hall effect
and oscillations in the thermal conductivity in
the Kitaev spin liquid candidate α−RuCl3.
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In 2006 Alexei Kitaev [1] introduced an exactly soluble model which exhibits all the
expected features of a quantum spin liquid. This remarkable breakthrough is based on
quantum spins on a two dimensional honeycomb lattice with a special highly directional
interaction. While the model initially looked unrealistic, the work by Jackeli and Khaliulin
[2] showed that the ”Kitaev coupling” can be realized in real materials with strong spin-orbit
coupling in certain structures. Since that time α − RuCl3, a layered compound where Ru
ions sit on a honeycomb lattice has emerged as one of the most promising candidates for
the Kitaev model. The importance of other terms in the Hamiltonian is still subject to
debate, and the system has an anti-ferromagnetic zig-zag ordering at zero applied magnetic
field. However, it is known that upon applying a magnetic field of about 7T parallel to the
plane, the antiferromagnetic order is destroyed. There has been growing evidence, though
not definitive, that beyond this field a spin liquid state emerges which is eventually replaced
by a conventional partially spin polarized state above 11T. A great deal of excitement was
injected into the field with the report by Kasahara et al [3] in 2018 that the thermal Hall effect
per layer is quantized at κxy/T = π2k2

B/6h , which is half of the value expected for a fermion
edge state. (Thermal Hall effect refers to the appearance of a thermal gradient perpendicular
to a heat current in the presence of a magnetic field). This has been considered to be strong
evidence for the existence of an Majorana edge mode. The data from a subsequently paper
from the same group (Yokoi et al. [4]) are shown in fig. 1,

Figure 1: Left panel, geometry of the thermal Hall measurement. Note that the heat current,
denoted by q, is parallel to the magnetic field H. Right panel, κxy as a function of magnetic
field at 4.8K. The red and blue data points are for H along a and b respectively. The dotted
line marks the half-quantized value. From Yokoi et al, [4]

There has been a series of rapid recent developments, resulting in a rather large set of
recommended papers in this commentary. The short summary is that considerable doubts
have been raised on whether the thermal Hall conductivity indeed exhibits the claimed
quantization. On the other hand, oscillations have been reported in the thermal conductivity
as a function of magnetic field. This is highly unusual for an insulator, and is reminiscent of
quantum oscillations in metals. These data raise new questions which show that we are far
from understanding the nature of the ”spin liquid” like phase that has been under intensive
studies in this material.

Before launching into details let me point out some key feature of the observed effect.
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While in the first paper [3] a magnetic field was applied both perpendicular and parallel to
the plane, the follow up paper by Yokoi et al [4] showed that the effect is present even when
the perpendicular magnetic field is zero. To be specific, the thermal Hall signal arises when a
magnetic field is applied along the a direction (defined as perpendicular to the Ru-Ru bond,
as shown in fig 1 when the field exceeds about 5T. On the other hand, when the field is
applied along the b direction (along the Ru-Ru bond) the effect is zero. The latter is easily
understood because a Hall current is odd and therefore forbidden under a symmetry of the
crystal structure (rotation about the b axis) which is preserved by a magnetic field along b.
In contrast, for magnetic field along a this symmetry does not exist and the Hall effect is
allowed. In this case both the applied magnetic field and the heat current are along the a
direction and the effect should be called a planar Hall effect. Unfortunately the term ”planar
Hall effect” has been usurped by a different phenomenon involving ferromagntic materials:
when an external field is applied at an angle to the magnetization, the anisotropy of the
resistivity with respect to the magnetization direction generates a transverse voltage which
does not change sign when the direction of B is reversed. This effect should really not be
referred to as a Hall effect which should be odd in the applied magnetic field, but we are
stuck with this misnomer. Nevertheless, in the rest of this comment, I shall refer to what
is observed in α − RuCl3 as planar thermal Hall effect. The planar thermal Hall effect is
on its own an unusual phenomenon because it suggests that its origin does not arise from
a Lorentz force. There is no disagreement that the planar Hall effect exists in α − RuCl3.
The arguement is whether it is quantized or not.

A quantized κxy/T should show a plateau pinned to the quantized value as a function
of magnetic field and temperature. In [4] the thermal Hall signal shows a plateau at the
half quantized value over a relatively small range in magnetic field (between 10 to 11T along
b) and in temperature (between 3.5 to 6K), as shown fig 1. It is worth noting that in the
earlier paper by Kasahara et al. [3] the parallel magnetic field where the quantization was
observed was in the range 6.5 to 8.7T (depending on the perpendicular component), and
this field range coincides with where spin liquid phase is expected. The new range of 10
to 11T [4] no longer has a clear association with the spin liquid regime. The recommended
paper 1 by Czajka et al. is mainly concerned with the oscillations in κxx , a subject to which
we will return later, but they made the point that they did not reproduce the quantized
κxy/T . Instead they found that κxy evolves smoothly with temperature with no sign of a
plateau. Furthermore the magnitude of their signal at 5K and 10T is about 60 percent less
than the half-quantized value reported by [4]. Bruin et al. (recommended paper 3) reported
measurements over a large magnetic field and temperature range. Some of their data are
reproduced in fig. 2. The data show a gradual evolution of the magnetic field dependence
as the temperature is varied. At a fixed temperature there is no clear plateau at the half-
quantized value, except perhaps at 6.5K. Nevertheless, Bruin et al. came to the conclusion
that their data support half quantization for magnetic field greater than 10T and over a
temperature range below 6.5K. The right panel in fig. 2 shows their data plotted vs T for
a set of magnetic fields. It seems that a plateau may be visible at 10.3T, but the value is
20 percent below the half-quantized value. At fields above 12T the error bars are getting
progressively larger and it may be risky to draw any firm conclusion. It should be noted
that Bruin et al do not support quantization in the range between 7T and 10T where the
spin liquid phase is expected to reside.
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