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Single atomic defects are prominent windows to look into host quantum states because collective
responses from the host states emerge as localized states around the defects. Friedel oscillations and
Kondo clouds in Fermi liquids are quintessential examples. However, the situation is quite different
for quantum spin liquid (QSL), an exotic state of matter with fractionalized quasiparticles and topo-
logical order arising from a profound impact of quantum entanglement. Elucidating the underlying
local electronic property has been challenging due to the charge neutrality of fractionalized quasi-
particles and the insulating nature of QSLs. Here, using spectroscopic-imaging scanning tunneling
microscopy, we report atomically resolved images of monolayer α-RuCl3, the most promising Kitaev
QSL candidate, on metallic substrates. We find quantum interference in the insulator manifesting
as incommensurate and decaying spatial oscillations of the local density of states around defects
with a characteristic bias dependence. The oscillation differs from any known spatial structures in
its nature and does not exist in other Mott insulators, implying it is an exotic oscillation involved
with excitations unique to α-RuCl3. Numerical simulations can reproduce the observed oscillation
by assuming that itinerant Majorana fermions of Kitaev QSL are scattered across the Majorana
Fermi surface. The oscillation provides a new approach to exploring Kitaev QSLs through the local
response against defects like Friedel oscillations in metals.

INTRODUCTION

Uniform electronic states of matter rearrange them-
selves in response to defects, forming characteristic spa-
tial structures. The local electronic structure around
defects is thus a fundamental fingerprint reflecting low-
energy excitations of the host state. Eminent examples
are screening phenomena of metals: Friedel oscillations
for charged defects and Kondo clouds for magnetic de-
fects [1, 2]. Advances in techniques of scanning tunneling
microscopy allow us to directly image such defect states
not only in metals but also in various quantum materials
at atomic resolution unavailable by other means [3–5].

Utilizing defect states as in-situ probes is envisioned
to search for quantum spin liquid (QSL), a highly en-
tangled quantum-disordered state of insulating frustrated
magnets [6–13]. Depending on the symmetry of the sys-
tem, several types of QSLs and accompanying fraction-
alized quasiparticles are predicted [6]. Among the QSLs
is the Kitaev QSL, which has sparked an explosion of
research because of Majorana fermions and non-abelian
anyons resulting from the fractionalization of the quan-
tum spin [6, 14–16]. The Kitaev model formulates lo-
calized s = 1/2 spins on a two-dimensional (2D) honey-
comb lattice interacting through bond-dependent Ising
couplings. Noteworthy is that it possesses an exactly
solvable ground state, from which Majorana fermions
naturally emerge. This aspect is distinct from the unre-

solved ground states of triangular and kagome QSL can-
didate systems. Following the seminal proposal to em-
body the Kitaev model [17], a spin-orbit Mott insulator
α-RuCl3 was suggested as a promising candidate [18–21].
Since then, a growing body of evidence has been accu-
mulated to indicate the presence of Majorana fermions
at low energies in this compound by measurements of
Raman scattering, inelastic neutron scattering, specific
heat, and thermal Hall effect [22–31]. Despite such ex-
tensive studies, there is still room for debate on whether
the Kitaev QSL is realized in α-RuCl3 [32].

The quest for QSLs, including the Kitaev QSL, has
been driven by spatially averaged probes, as exemplified
above. Consequently, the experimental data and their in-
terpretations have often been influenced by undesirable
complexities due to structural disorders such as stacking
faults and antisite defects [21, 34]. Exploiting spatially
resolved probes is a reasonable circumvention to these
difficulties. Besides the general context to investigate de-
fect states described above, local electronic probes have
been theoretically proposed to detect and control frac-
tional magnetic excitations [35–40]. While these previous
studies underscore the need for spatially resolved exper-
iments, an appropriate combination of probes and sam-
ples has been lacking. Recently, monolayer 1T -TaSe2,
a candidate for another QSL in a 2D triangular lattice
Mott insulator, has been examined by an scanning tun-
neling microscope (STM) [41, 42]. These pioneering
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FIG. 1. A monolayer α-RuCl3 film fabricated on a graphite substrate. (a), (b) Illustrations of a monolayer α-RuCl3 film grown
on a graphite substrate, drawn using VESTA [33]. (a) and (b) are seen from (001) and (100) directions of the monolayer
α-RuCl3 film, respectively. The relative angle between the α-RuCl3 lattice and the graphite lattice drawn in the illustrations
differs from the actual angles. (c) A topographic image of a monolayer α-RuCl3 film. The setpoint condition is +1V and
0.2 nA. The overlaid illustration depicts the position of the Ru honeycomb. (d) A typical conductance spectrum. The setpoint
condition is +0.98V and 0.2 nA.

works have suggested that the low-energy magnetic ex-
citations could be detected experimentally at higher en-
ergies outside the Mott gap by measuring the tunneling
electrons recombined from the fractionalized quasiparti-
cles, called spinons. Motivated by these studies, we fab-
ricated monolayer α-RuCl3 films on highly oriented py-
rolytic graphite (HOPG) substrates by pulsed laser depo-
sition (Figs. 1(a) and 1(b)) and conducted the electronic
imaging study using an STM. (See Methods for details.)

RESULTS

We first inspect fabricated films. Figure 1(c) shows
an atomic-resolution topographic image of our film.
Regularly-arranged circular protrusions form a Kagome-
like lattice, replicating the previous study of monolayer
α-RuCl3 [43]. The protrusions are ascribed to mainly
derive from the topmost Cl p orbitals. The Ru site re-
sides at the center of three protrusions. A Ru-honeycomb
encloses a dark-colored hollow site, as shown in the over-
laid illustration of Fig. 1(c). The conductance spectrum
exemplified in Fig. 1(d) is also similar to the previous
study. It shows an energy gap of about 0.6 eV with the
Fermi energy in the middle of the gap, indicating that the
sample is an insulator with virtually no electron transfer

from the substrate. From these close similarities with the
previous study, we identify that the films are monolayer
α-RuCl3. Meanwhile, our spectra are strikingly differ-
ent from those of the exfoliated films [44, 45], suggesting
that our samples are free from the influence of the lattice
deformation associated with the exfoliation process.

We next focus on the most peculiar feature we have
observed. Figures 2(b) and 2(a) are topographic im-
ages taken at ±1V in the same field of view. We find
concentric oscillatory patterns around defects. High-
resolution measurements allow us to identify several
types of defects (Fig. S1), showing that the oscillation
appears independently of the defect sites. The oscilla-
tion is several times larger in amplitude at −1V than
at +1V and decays away from the defects, as high-
lighted in Figs. 2(c) and 2(d) (see also Fig. S2). The
decay means that the oscillation is not a moiré pattern
between the monolayer α-RuCl3 and the substrate. To
analyze the wavevectors of oscillation, we calculated the
Fourier transform, as shown in Figs. 2(e) and 2(f). We
suppressed long-wavelength features from the defects for
clarity, as demonstrated in Fig. S3. Strong peaks corre-
sponding to the oscillations are found roughly in the Γ–K
direction at incommensurate positions. The wavenum-
bers of the incommensurate oscillation differ between the
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FIG. 2. Spatial oscillation of the local density of states around
defects. (a), (b) Topographic images of an α-RuCl3 monolayer
film taken at−1V and 0.25 nA for (a) and +1V and 0.5 nA for
(b). The orange lines denote the positions of the line profiles
in (c) and (d). (c), (d) The line profiles obtained from the low-
pass filtered images shown in the Fig. S2 along the trajectories
shown in (a) and (b), respectively. (e), (f) Fourier transforms
of images including (a) and (b), respectively. The images
are 54 nm × 43 nm for (e) and 54 nm × 54 nm for (f). The
orange hexagons and the green circles denote the positions
of the Bragg peaks of the α-RuCl3 lattice and the satellite
peaks, respectively. The satellite peak positions are calculated
from the substrate HOPG lattice with an angle of 31◦ relative
to the α-RuCl3 lattice. The markers are shown only in the
right half of each panel. The defects in (a) are masked before
calculating (e) to suppress large intensity around the origin,
as shown in Fig. S3. (g), (h) The azimuthal averages of (e)
and (f). The top axis is shown in units of the inverse of the
lattice constant. The range of the vertical axis is common to
(g) and (h).
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FIG. 3. Comparison of topographic images taken at 4K and
8K. Both images were taken in the same field of view of
18 nm × 19 nm and at a setpoint condition of +0.98V and
0.1 nA.

±1V images, as shown in Fig. 2(g), while those of the
Bragg peaks are the same, as shown in Fig. 2(h). The
different wavenumbers indicate that the origin of the in-
commensurate oscillation is not structural but electronic.
Therefore, we exclude phenomena involving lattice dis-
tortion, such as charge density waves, as the origin of
the oscillation. In addition, due to the decaying feature
and the different wavenumbers, the oscillation is distin-
guished from the long-wavelength super-modulations in
monolayer 1T -TaSe2 [41].

The Fourier transforms also show many bias-
independent peaks (the green circles) besides the Bragg
peaks (the orange hexagons). These are satellite peaks
generated by the substrate HOPG lattice with an angle
of 31◦ relative to the α-RuCl3 lattice. We also found
a monolayer α-RuCl3 film with a relative angle of 25◦

and observed the same oscillations (Fig. S4). The in-
sensitivity to the relative angles demonstrates that the
oscillation is irrelevant to coupling with the substrate.
Moreover, electron tunneling directly from the substrate
is negligibly small, as evidenced by the zero conductance
in the insulating gap (Fig. 1(d)). Therefore, the oscil-
lation is inherent to the monolayer α-RuCl3 and occurs
in the monolayer α-RuCl3, neither in the substrate nor
at the interface between the monolayer α-RuCl3 and the
substrate.

Since the oscillation is electronic in origin and occurs
in α-RuCl3, one may wonder if the zigzag antiferromag-
netic order found in the bulk α-RuCl3 is relevant to the
oscillation. In the presence of the Kitaev interaction, the
zigzag antiferromagnetic order arising from non-Kitaev
interactions is indeed allowed even in 2D without be-
ing forbidden by the Mermin–Wagner theorem because
the Kitaev interaction has Z2 symmetry [46]. However,
even if it exists, the Néel temperature is expected to be
lower in 2D films than in the bulk since the zigzag anti-
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FIG. 4. The normalized conductance (dI/dV )/(I/V ) maps. (a), (b) The normalized conductance maps taken at −0.74V and
+0.54V, respectively, in the same field of view of Figs. 2(a) and 2(b). (c), (d) Fourier transforms of normalized conductance
maps. The original images were measured in a 54 nm × 53 nm field of view, including (a) and (b), with a setpoint condition
of +0.98V and 0.1 nA. The blue hexagons in the right half of each panel denote the positions of the Bragg peaks. (e), (f)
The normalized conductance maps averaged between −1V and −0.42V for (e) and +0.42V and +1V for (f). The field of
view is the same as (a) and (b). (g) Dispersion relation along the blue lines in (c) and (d). The triangle markers indicate the
bias-semi-independent wavevectors of the oscillatory patterns.

ferromagnetic order is three-dimensional [47]. Moreover,
the Imry–Ma argument indicates that long-range mag-
netic orders with Z2 symmetry are destroyed in 2D by
infinitesimally weak disorders [48]. Therefore, we pre-
sume that the zigzag antiferromagnetic order is absent
at 8K, higher than the Néel temperature of 7K in the
bulk. As shown in Fig. 3, a topographic image taken
at 8K shows no discernable difference from one at 5K,
indicating that the oscillation occurs without the zigzag
antiferromagnetic order. The oscillation pattern spread-
ing out not unidirectionally but two-dimensionally also
supports that the oscillation is irrelevant to the zigzag
antiferromagnetic order.

The oscillatory patterns in the STM images (and also
the conductance maps as described later) decaying away
from the defects imply quantum interference of fermionic
quasiparticles around the defects. At first glance, the
patterns resemble the Friedel oscillations in metals and
quasiparticle interference. However, the former is ruled
out because the monolayer α-RuCl3 is insulating, as ev-

idenced by the energy gap (Fig. 1(d)). The latter can
exist in insulators. The wavevectors of quasiparticle in-
terference reflect the band structure and depend on the
energy. Therefore, we performed spectroscopic imaging
(Figs. 4(a) and 4(b)) to unveil the dispersion relation of
the oscillation. We adopt the normalized conductance
[(dI/dV )/(I/V )] map rather than the raw conductance
(dI/dV ) map to mitigate the setpoint effect (Fig. S5).
Figures 4(c) and 4(d) show Fourier transforms of conduc-
tance maps. Peaks corresponding to the oscillation are
observed in the bias range outside the energy gap. No-
tably, the wavevectors differ between the polarities but
do not change in each polarity, as shown in Fig. 4(g).
The wavevector at each polarity is the same as that
observed in the corresponding topographic image. In-
deed, the normalized conductance images averaged for
the negative and positive bias voltages (Figs. 4(e) and
4(f)) exhibit oscillations similar to those in the topo-
graphic images (Figs. 2(a) and 2(b)). We refer to this
behavior of the experimental data as semi-independent of
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the bias voltage. The bias-independent aspect indicates
that the oscillation is not quasiparticle interference be-
cause non-dispersive quasiparticle interference does not
appear. Although non-dispersive quasiparticle interfer-
ence requires electron bands to be parallelly shifted from
one to the other, the intensity of quasiparticle interfer-
ence from such bands vanishes due to destructive inter-
ference [49].

DISCUSSION

As mentioned above, the observed patterns differ from
the known phenomena producing oscillatory patterns,
such as moiré, charge density waves, Friedel oscillations,
quasiparticle interference, and the super-modulation in
monolayer 1T -TaSe2 [41]. Therefore, we conclude that
the observed oscillation is an unprecedented oscillatory
phenomenon. Since the oscillation appears in the en-
ergy range of lower and upper Hubbard bands, one
could assume that the Hubbard interaction is involved
in the oscillation. However, no other Mott insulators
exhibit oscillations around defects [50–52]. Also, one
might consider that the oscillation is special to monolayer
films. However, the decaying and bias-semi-independent
oscillation is not found in other insulating monolayer
films [41, 42, 52–54]. Therefore, something unique to
α-RuCl3 is likely to be responsible for the oscillation.

Given that α-RuCl3 is a promising candidate for Ki-
taev QSL, we would like to consider the Kitaev inter-
action as a possible origin of the oscillation. Then, two
immediate questions arise: How are the spin properties
amenable to detection using non-magnetic scanning tips,
and what determines the length scale of the incommensu-
rate oscillation? For the former, if spin–charge separation
occurs, the tunneling electrons recombined from spinons
and chargons may carry spin information [13, 41, 42].
However, this process is not the case for the Kitaev QSL
because fractionalization occurs solely in the spin system.
Instead, we consider a relationship in the Mott insula-
tor that the charge density is tied to the spin correlation
function [35, 55]. A spatial texture of the spin correlation
function is then reflected in the charge density variation,
which is readily imaged as a bias-independent pattern
using an STM with a non-magnetic scanning tip. For
the length scale of the oscillation, the incommensurabil-
ity of the oscillation hints at the scattering of itinerant
quasiparticles with a characteristic length akin to a Fermi
wavelength. In the Kitaev QSL, the spins are fractional-
ized into itinerant and localized Majorana fermions; the
former move around the whole crystal, while the latter
form a Z2-vortex called vison [16]. Thus, itinerant Ma-
jorana fermions could play an essential role in the oscil-
lation. However, for the pure Kitaev model, the scat-
tering vectors of the itinerant Majorana fermions at the
Fermi energy are commensurate because the Dirac points

of the Majorana band cross the Fermi energy at K and K′

points in the Brillouin zone. Nevertheless, the Majorana
Fermi surface with incommensurate Fermi wavenumbers
is possibly realized if there are perturbations breaking
time-reversal and inversion symmetries that protect the
positions of the Dirac points [56, 57]. Postulating that
both symmetries are locally broken by the tunneling cur-
rent injected from the scanning tip, the calculations of
charge density variation reproduce the observed incom-
mensurate oscillation, as shown in Figs. S6. In this sce-
nario, the slightly different wavenumbers depending on
the bias polarities could be attributed to the j = 3/2
state relevant for the tunneling process only at negative
bias voltages. (The discussion in this paragraph is de-
tailed in Supplementary Material.)
While we have proposed the origin of the oscillation as

described above, there may be different explanations [58]
and a more comprehensive understanding is open for
future research. Importantly, however, the decaying,
incommensurate, and bias-semi-independent oscillation
we found in the insulator manifests a new oscillatory
phenomenon. The unforeseen oscillation represents the
atomic-scale response of the quantum state with charac-
teristic length scales. The absence of such oscillations in
other Mott insulators and monolayer films implies that
the observed oscillation may serve as a local signifier of
Kitaev QSL experimentally elusive.

METHODS

Sample fabrication

Monolayer α-RuCl3 films were deposited on HOPG
substrates by pulsed laser deposition using a yttrium-
aluminium-garnet laser (wavelength 1064 nm). The tar-
gets were pelletized α-RuCl3 single crystals grown by
chemical vapor transport from commercial RuCl3 pow-
der. The chlorine partial pressure and the substrate tem-
perature were optimized at 2000Pa and 430 ◦C. This
condition is essential to grow the α phase separately from
the β phase [59] without mixing the two phases [43]. The
fabricated thin films were transferred from the deposition
chamber to the STM chamber without air exposure us-
ing a portable ultra-high vacuum chamber. As described
in the main text, our samples are insulators, contrasting
with the sizable electron transfer from the substrate and
the metallic behavior of exfoliated samples [60–62]. The
reason for the difference remains unidentified.

Spectroscopic-imaging scanning tunneling
microscopy

Spectroscopic imaging scanning tunneling microscopy
measurements were performed using a low-temperature
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ultra-high vacuum system (UNISOKU USM 1300). The
scanning tips were mechanically sharpened Pt-Ir wires
cleaned by electron-beam heating and conditioned on
clean Au(111) surfaces. All the measurements were car-
ried out at 5K unless otherwise noted. Topographic im-
ages were recorded in the constant-current mode. Differ-
ential conductance spectra were measured using a stan-
dard lock-in technique with a modulation amplitude of
20meV at a frequency of 973Hz. The normalized conduc-
tance is obtained by numerical division. When Fourier
transforms are calculated, affine transformations are ap-
plied so that the Bragg peaks are at the high symmetry
positions, and no symmetrization is used.
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(c) +1 V(c) +1 V
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Ru site (1) Ru site (2) Hollow site Cl site

FIG. S1. High-resolution topographic images of defects. The setpoint voltages are written at the top left corner of each panel.
The setpoint currents are 0.5 nA for (a), (c), and (e), 0.25 nA for (b), (d), and (f), 0.2 nA for (g), and 20 pA for (h). The defect
sites, written at the top of each column, are identified from the positions relative to the topmost atoms. The difference between
Ru (1) and (2) is not the Ru sublattices but the apparent height at the center of defects at −1V. The Ru (1) and (2) are indeed
on the same Ru sublattice, as indicated by the orientation of the triangular patterns observed around the defects at +1V. The
orientation is opposite for the other sublattice. Note that the identities of defects (elements of impurities or vacancies) can not
be determined solely from the STM measurements.
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FIG. S2. Low-pass filtered topographic images. The low-pass
filter is applied to suppress atomic periodicity and highlight
the oscillation. (a) and (b) are Low-pass filtered images of
Figs. 2(a) and 2(b), respectively. The line profiles shown in
Figs. 2(c) and 2(d) are obtained along the orange lines in (a)
and (b).
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FIG. S3. The effect of masking defects before calculating the
Fourier transform. (a) The same image as Fig. 2(a). (b)
The defects in (a) are masked by substituting values of pix-
els around the defect centers with the average value of the
whole image. (c), (d) Fourier transforms of 54 nm × 43 nm
images, including (a) and (b), respectively. (d) is the same as
Fig. 2(e).
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FIG. S4. The oscillation in a domain with a relative angle of
25◦. (a), (b) Fourier transforms of topographic images taken
in a field of view of 53 nm × 51 nm. The setpoint conditions
are −1V and 0.25 nA for (a) and +1V and 0.5 nA for (b).
Defects are masked before calculating (a) as Fig. 2(e). The
orange hexagons and the green circles depict the positions
of the Bragg peak of the α-RuCl3 lattice and the satellite
peaks, respectively. The satellite peak positions are calculated
from the substrate HOPG lattice with an angle of 25◦ relative
to the α-RuCl3 lattice. The markers are shown in the right
half of each panel. (c) The azimuthal average of (a) and
(b). The pixels of the satellite peaks are removed from the
average. Data in Fig. 2(g), annotated as 31◦, are also shown
for comparison. The peak wavenumbers of the two domains
are identical for each bias voltage. The top axis is shown in
units of the inverse of the lattice constant. The curves are
vertically shifted for clarity.
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FIG. S5. Mitigating the setpoint effect by normalizing
dI/dV . (a), (b) dI/dV maps at −0.98V taken in the same
field of view. The setpoint conditions are −0.98V and 35 pA
for (a) and +0.98V and 0.1 nA for (b). Due to the setpoint
effect, (a) and (b) are different even though the bias voltage is
the same. (c), (d) (dI/dV )/(I/V ) maps at −0.98V obtained
by numerical division of (a) and (b), respectively. (c) and (d)
are almost identical, indicating that the normalization miti-
gates the setpoint effect.
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FIG. S6. Comparison between the experimental data and the
numerical simulation. (a), (b) Fourier transforms of topo-
graphic images at −1V and +1V, respectively. These are
the central part of Figs. 2(e) and 2(f). The hexagon depicts
the first Brillouin zone. (c) Fourier transform of the numeri-
cal simulation of charge density variation. This figure is the
same as Fig. S10(f).
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Majorana-based scenario for the incommensurate
spatial oscillation

In this section, we present a scenario based on Majo-
rana physics for the origin of the incommensurate oscil-
lation observed via the STM measurements. Although
the bias voltage imposed on the STM tip is larger than
the Mott gap, electrons carrying the tunnel current in-
jected from the STM tip may generally decay into low-
energy excitations in the Kitaev monolayer, and the lo-
cal density of states probed via the STM measurements
is strongly affected by the spatial distributions of these
excitations, showing the trace of the spin liquid state.
There are two types of excitations in the Kitaev QSL;
itinerant Majorana fermions and visons [16]. The incom-
mensurate spatial structure of the density of states im-
plies that excitations associated with this oscillation have
a characteristic length scale akin to a Fermi wavelength.
Then, it is natural to expect that the itinerant Majo-
rana fermions play an essential role in the incommen-
surate oscillation, because of their fermionic character.
However, for the pure Kitaev model, the Fermi wave-
length of the itinerant Majorana fermions is commen-
surate, because the Dirac points of the Majorana band
cross zero-energy at K and K′ points in the Brillouin
zone. Nevertheless, it is possible to realize the Majorana
Fermi surface with incommensurate Fermi wavenumbers,
if there are perturbations which break symmetries pro-
tecting the positions of the Dirac points. According to
the topological argument based on the twisted K theory,
in the case of the Kitaev model, these symmetries are
time-reversal symmetry and inversion symmetry [56, 57].
With this insight, we postulate that tunnel currents from
the STM tip, which break both time-reversal and inver-
sion symmetries, induce circular orbital currents in the
RuCl3 monolayer, which flow in staggered directions on
the honeycomb lattice since the total orbital angular mo-
mentum on the monolayer plane must be kept zero. (See
Figs. S7(a) and S7(b).) The orbital currents flowing on
edges of a triangular in the honeycomb lattice induce
scalar spin chirality χijk ≡ Si · (Sj × Sk) because of the
inverse effect of the circular current generation due to
spin chirality in a Mott insulator, J ∝ χijk [55]. The
perturbation term of the Hamiltonian due to this effect
is given by HSSC ∝

∑
i,j,k χijk. For the staggered or-

bital currents shown in Fig. S7(a), the associated spin
chirality yields the next nearest-neighbor hopping term
of itinerant Majorana fermions, since χijk ∼ uα

iju
β
kjickci

in the Majorana representation of the Kitaev QSL state.
Here, cj is the operator of an itinerant Majorana fermion,
uα
jk (α = x, y, z) is a Z2 gauge field, and i, k are next-

nearest neighbor sites. On the other hand, for the cur-
rent configuration shown in Fig. S7(b), the spin chi-
rality results in four-Majorana interaction terms, e.g.
χijk ∼ ux

ilu
y
klu

z
jlcicjckcl. In the mean-field approxima-

tion, these terms also give rise to next-nearest neighbor

i

j

k i

j

k

l

(a) (b)

FIG. S7. Examples of circular orbital currents which generate
the scalar spin chirality. The orbital currents flow in staggered
directions to preserve zero total angular momentum. Here,
staggered patterns compatible with the sub-lattice structure
of the honeycomb lattice are shown. Note that staggered pat-
terns which are not compatible with the sub-lattice structure
do not affect low-energy features of the Majorana band qual-
itatively.

hopping terms, e.g. ∼ ux
ilu

y
klu

z
jlckci. Notably, because

of the alternating sign of the next nearest-neighbor hop-
ping terms, these perturbations shift the position of the
Dirac points of the Majorana band away from zero en-
ergy, resulting in the formation of Majorana Fermi sur-
faces with incommensurate Fermi wavenumbers. Then,
the incommensurate spatial oscillation of the density of
states similar to the Friedel oscillation can occur, when
itinerant Majorana fermions are scattered at vacancy
sites. We emphasize that although the perturbation due
to the STM current is local, and the induced spin chi-
rality decays exponentially, the incommensurate Fermi
wavenumbers can be generated in the vicinity of the STM
tip, if the decay length of the spin chirality is just a few
times larger than the lattice constant. To demonstrate
this scenario, we performed model calculations with the
Majorana Hamiltonian derived from the generalized Ki-
taev model, H = HK + HSSC + HNK, where HK is the
Hamiltonian of the pure Kitaev model [16], and HNK is a
non-Kitaev interaction term. The expressions of HK and
HSSC are given by,

HK = K
∑
⟨jk⟩α

uα
jkicjck, (S1)

HSSC = χ0

∑
⟨⟨jk⟩⟩

(−1)lT (rij − rSTM)uα
lju

β
lkicjck, (S2)

where K is the Kitaev interaction strength which de-
fines the energy unit in our numerical calculations, and
χ0 is a coupling constant. In the expression of HSSC,
the sign factor (−1)l arises from the staggered config-
uration of scalar spin chirality. This feature is crucially
important for the realization of Majorana Fermi surfaces.
T (rij − rSTM) is a damping factor which describes the
decay of the spin chirality as a function of the distance
between the position, rij = (ri + rj)/2, and that of the
STM tip, rSTM. Since the spin chirality is induced by
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FIG. S8. The Majorana Fermi surfaces of the model Hamil-
tonian H in the case without vacancies. χ0 = 1.5 for (a), 2.5
for (b), and 3.0 for (c). The energy unit is K = 1 for all
numerical calculations in Supplementary material. In these
calculations, a non-Kitaev interaction term HNK is neglected.

the tunnel currents from the STM tip in this scenario, it
should decay as the distance from the STM tip increases.
This effect is incorporated in the damping factor. We use

the gaussian form T (r) = e
− |r|2

ℓ20 for numerical calcula-
tions. We also assume that HNK is sufficiently small, and
does not affect the stability of the spin liquid state. How-
ever, we should note that in the case of a vacancy, HNK

gives an important effect on a bound Majorana state in
the vicinity of a vacancy, which will be discussed later. As
mentioned above, HSSC shifts the position of Dirac points
of the itinerant Majorana band away from zero energy,
which realizes the Majorana Fermi surfaces with incom-
mensurate Fermi wavenumbers, as shown in Figs. S8(a),
S8(b), and S8(c). We, now, examine the effects of a lat-
tice vacancy which plays the role of a scattering potential
acting on the itinerant Majorana fermions. An impor-
tant observation is that at the nearest neighbor sites of
a vacancy in the Kitaev model, isolated gauge Majorana
fields bαj , which do not couple to any other Majorana par-
ticles in the Kitaev QSL, appear, and furthermore, these
gauge Majorana fields are coupled to nearest-neighbor
itinerant Majorana fields via HNK. (See Fig. S9.) Thus,
even when HNK is small enough, the gauge Majorana
fields near the vacancy affect crucially scattering pro-
cesses of itinerant Majorana fermions due to the vacancy.
To take this effect into account, we assume the form of
HNK as,

HNK = tbc
∑
⟨jk⟩α

uα
jkib

γ
j ck, (S3)

which describes a minimal coupling between the gauge
Majoranas and itinerant Majoranas. Here, the super-
script γ of the gauge Majorana field bγj means that the
vacancy site is connected to the site j via the γ-bond
(γ = x, y, z). Note that Eq. (S3) is microscopically de-
rived from the 1st order perturbative expansion with re-
spect to the symmetric off-diagonal exchange interaction,
the Γ′ term. It is noted that the 1st order corrections due
to the Γ′ term do not affect the bulk spin liquid state
away from the vacancy site.

With the use of the model HamiltonianH, we calculate

b
x
b
y

b
z

FIG. S9. Hopping processes of itinerant Majorana fermions.
The additional gauge Majorana fields bx, by, and bz appear
at the sites neighboring the vacancy site. A vison trapped at
the vacancy is denoted in yellow color.

the spatial distribution of the charge density. Although
the system is a Mott insulator with no explicit charge
degrees of freedom, the charge density is expressed in
terms of spin correlation functions between sites forming
a triangle [35, 55],

δnj ∼ e
∑
j,k,l

[〈
Sα
j S

α
k

〉
+

〈
Sα
j S

α
l

〉
− 2⟨Sα

k S
α
l ⟩

]
. (S4)

To calculate Eq. (S4), we need to specify the configura-
tion of visons. Since the STM measurements were per-
formed at temperatures sufficiently lower than the vison
gap, it may be appropriate to assume the bound-flux sec-
tor which is the ground state of the Kitaev QSL with a
vacancy; i.e. a vison exists only at the vacancy site.
However, on the other hand, bias voltages used for the
experiment are larger than the Mott gap, which indicates
that visons may be excited in the measurements. Thus,
we examine two distinct vison configurations; one is the
bound-flux sector, and the other one is the full-flux sec-
tor where all of the hexagons in the honeycomb lattice
are occupied by visons. As will be shown below, we can
reproduce the incommensurate oscillating patterns ob-
served in the STM measurements for both of these vison
configurations, if we choose model parameters properly.
Also, we chose ℓ0 = 2 for the characteristic length of
the damping factor in Eq. (S2). We note that the pe-
riod of the oscillation does not strongly depend on the
value of ℓ0, though the amplitude of the oscillation is af-
fected by it. In Figs. S10(a), S10(b), and S10(c), we show
the calculated results of the spatial distribution of the
charge density δnj for the bound-flux sector, which ex-
hibit spatially oscillating behaviors around the vacancy.
The incommensurate character of the oscillation is more
clearly seen in the Fourier transform of the charge distri-
bution shown in Figs. S10(d), S10(e), and S10(f). The
calculated results for the full-flux sector are also shown
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in Figs. S10(g)–S10(l). For both of the bound-flux sec-
tor and the full-flux sector, we can find parameters for
which the incommensurate peaks in the first Brillouin
zone are in agreement with the experimental observa-
tions. In the case of the bound-flux sector, we used the
value of the bc-hopping parameter tbc = 1.83 which is
considerably large. Since this term arises from the Γ′

term, and tbc = Γ′, one may expect that tbc can not ex-
ceed K = 1 to stabilize the Kitaev QSL state. However,
a lattice distortion generally occurs in the vicinity of the
vacancy, which lowers lattice symmetry, and leads to the
enhancement of non-Kitaev interactions. Thus, it may
be possible that tbc exceeds K = 1 locally preserving the
bulk Kitaev QSL state. The incommensurate oscillating
patterns shown in Fig. S10 may remind us of the Friedel
oscillation of electrons in metals. However, there is an
important difference between the oscillation in the Ki-
taev QSL and the Friedel oscillation. The conventional
Friedel oscillation of electrons arises from the screening of
a long-range Coulomb potential. On the other hand, in
the Kitaev QSL state, the Majorana oscillation is caused
by scatterings with the gauge b-Majoranas neighboring
the vacancy site, described by Eq. (S3). The Majorana
Fermi surface shown in Figs. S8(a), S8(b), and S8(c) is
slightly deformed by the existence of the vacancy via the
hybridization with the gauge b-Majoranas, described by
Eq. (S3). The incommensurate wavenumbers found in
Figs. S10(d)–S10(f) and S10(j)–S10(l) are mainly deter-
mined by the differences of two Fermi wavenumbers on
the deformed Majorana Fermi surface. We show the com-
parison between the experimental observations and the
numerical simulation in Fig. S6. This scenario of the Ma-
jorana oscillation provides a promising explanation for
the observation of the STM measurements.

Now we discuss more precisely the comparison between
the theoretical results and the experimental observations.

The incommensurate peaks observed in the STM mea-
surements do not depend on bias voltages, at least in the
plus bias region V > 0 or the minus bias region V < 0,
as shown in Fig. 4(g). This behavior is quite different
from quasiparticle interference patterns usually observed
in metals. It is natural to expect that the bias indepen-
dence may be attributed to the existence of the definite
incommensurate Fermi wavenumbers of Majorana parti-
cles. In the above scenario, the Fermi wavenumbers of
itinerant Majorana particles depend on χ0 in Eq. (S2).
The coefficient χ0 can be regarded as a mean value of the
scalar spin chirality, which is determined by the interplay
between exchange interactions and the tunnel current
which induces circular orbital currents associated with
the spin chirality. The bias-independence of the oscillat-
ing period observed in the STM measurements implies
that the mean value χ0 is mainly determined by the ex-
change interactions among relevant spins, and the tunnel
current merely acts as a trigger to induce a metastable
state with spin chirality configuration. On the other
hand, the periods of the spatial oscillation are slightly
different between the positive bias +1V and the minus
bias −1V, as shown in Fig. 2 and Fig. 4. A possible ori-
gin of this asymmetry is the local change of the Kitaev
interaction caused by the bias potential. Since the en-
ergy difference between the j = 1/2 and j = 3/2 states
is ∼0.15 eV for α-RuCl3 [20], the bias ±1V may affect
virtual processes associated with the Kitaev interaction,
which arises from the transition between the j = 1/2
state and the j = 3/2 state. That is, the bias −1V
can result in virtual states with two or more holes in the
j = 3/2 state, while the bias +1V does not generate such
virtual states. This asymmetry causes the difference in
the intermediate virtual processes of the Kitaev inter-
action between +1V and −1V, leading to the distinct
periods of the spatial oscillations.
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FIG. S10. Numerical simulations of the spatial distributions of the charge density around a vacancy site. (a)–(c) and (g)–(i)
show the charge density at each site, and (d)–(f) and (j)–(l) show corresponding Fourier transforms in the first Brillouin zone.
(a)–(f) Simulations for the bound-flux sector. tbc = 1.82, ℓ0 = 2, and χ0 = 2.5 for (a) and (d), 3.0 for (b) and (e), and 3.5
for (c) and (f). (g)–(l) Simulations for the full-flux sector. tbc = 0.1, ℓ0 = 2, and χ0 = 0.2 for (g) and (j), 0.6 for (h) and (k),
and 1.2 for (i) and (l). The incommensurate oscillating patterns are seen around the vacancy. For all of these calculations, the
system consists of 3200 sites.


