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Topological magnons
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Origin of planar thermal Hall: Majorana or magnon ?
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Dirac cone for H||b:  specific heat in FIQD state
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Dirac cone for H//b:  specific heat in FIQD state
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Bulk-edge correspondence 
O. Tanaka, YM, T. Shibauchi et al. Nature Phys. 18, 429 (2022).

A.U.B. Wolter and C. Hess, Nature Phys. 18, 378 (2022).

https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Cbm%20%7BC_%7B%5Crm%20mag%7D%2FT%5Cpropto%20e%5E%7B-%5Cfrac%7B%5CDelta_%7B%5Crm%20M%7D%7D%7BT%7D%7D%7D%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Cbm%20%7BC_%7B%5Crm%20mag%7D%2FT%5Cpropto%20T%7D%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5CDelta_%7B%5Crm%20M%7D%5Cpropto%20%5Cfrac%7BH%5E3%7D%7B%5CDelta_%7B%5Crm%20flux%7D%5E2%7D%0A%5Cend%7Balign*%7D


Oscillating thermal conductivity

Quantum oscillations of fermionic quasiparticles

It is not straightforward to compare the sample  quality.

CVT

P. Czajka et al. Nature Phys. 17, 915 (2021).

E. Lefrancois et al. PRB 107, 064408 (2023). 

Hc1 Hc2

m0H (T)

H
c

Hc1

Hc2

Magnetic transitions due to stacking faults

J.A.N. Bruin et al. APL Mater. 10, 090703 (2022).



Very clean a-RuCl3 single crystals

Disorders and defects can 

be removed by slow growth

R. Namba、YM, T. Shibauchi et al. in preparation.



Very clean a-RuCl3 single crystals

R. Namba、YM, T. Shibauchi et al. in preparation.
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Oscillating thermal conductivity

Quantum oscillations of fermionic quasiparticles

It is not straightforward to compare the sample  quality.

Magnetic transitions due to stacking faults

CVT

Hc1 Hc2

m0H (T)

H
c

Hc1

Hc2

P. Czajka et al. Nature Phys. 17, 915 (2021).

E. Lefrancois et al. PRB 107, 064408 (2023). 

J.A.N. Bruin et al. APL Mater. 10, 090703 (2022).

No oscillations in very 

clean crystals

Sublimation

Y. Xing, YM  et al. in preparation.

Hc1 Hc2



Origin of the thermal Hall effect

1. We cannot determine kxy accurately

2. The deviation from the quantized value at low 

temperatures

The quantization of k can be concluded by different 

Some people are not still convinced by the quantized kxy

We need a new approach to tackle the quantized 

thermal Hall issue without relying on the 

MAGNITUDE of kxy.

3. We cannot fully explain the sample dependent 

quantization.



H ||b

+1.5o

-1.5o

Gap closing at H || b

-

b (armchair)

a (zigzag)

H

① Specific heat ②Planar thermal Hall effect

O. Tanaka et al. Nature Phys. 18, 429 (2022).Two distinct features are observed concurrently at H || b

In-plane H rotation across b-axis

Hall sign change at H || b

K. Imamura, S. Suetsugu et al. arXiv:2305.10619. 

Origin of planar thermal Hall: bosonic or fermionic ?

f



Fermion Boson

Sign change of kxy is always 

accompanied by gap closing

Ch=1

Ch=-1

Gap is always finite.

Sign change is not related to the gap closing.

Sign change of the planar thermal Hall effect

EF

gap
E=0

H//b
H//b

Ch=1

Ch=-1

Gap closing

In a-RuCl3

Concurrently occur 

at H || b

Origin of planar thermal Hall: bosonic or fermionic ?

.
K. Imamura, S. Suetsugu, YM et al. arXiv:2305.10619..
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In this case, thermal Hall conductance is quantized.

Evidence for fermionic origin of the thermal Hall effect



Fermion Boson

Sign change of kxy is always 

accompanied by gap closing
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Ch=-1

Gap is always finite.

Sign change is not related to the gap closing.
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Evidence for fermionic origin of the thermal Hall effect

Gap closing
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Origin of planar thermal Hall: bosonic or fermionic ?

.
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3. STM studies on monolayer a-RuCl

1. Half integer quantized thermal Hall effect in a-RuCl3

2. Is a-RuCl3 really Kitaev material? 

3. STM studies on monolayer a-RuCl3

Topology: Topological invariant

Thermodynamics: Dirac cone and Majorana gap

Thermal transport properties of very clean crystals

Local density of states around defects



STM image of monolayer a-RuCl3 on HOPG

Highly oriented pyrolytic graphite (HOPG)

Ru

a-RuCl3
(monolayer)

Y. Kohsaka, YM, et al. a preprint



STM image of monolayer a-RuCl3 on HOPG

Highly oriented pyrolytic graphite (HOPG)

Ru

a-RuCl3
(monolayer)

STM tip scan

tunneling electrons

Y. Kohsaka, YM, et al. a preprint



STM image of monolayer a-RuCl3 on HOPG

Highly oriented pyrolytic graphite (HOPG)

Ru

a-RuCl3
(monolayer)

STM tip scan

tunneling electrons

Topographic image   ( 5 K )

Y. Kohsaka, YM, et al. a preprint



STM image of monolayer a-RuCl3 on HOPG

Highly oriented pyrolytic graphite (HOPG)

Ru

a-RuCl3
(monolayer)

STM tip scan

tunneling electrons

Topographic image   ( 5 K )

Mott gap 

~0.6 eV

Y. Kohsaka, YM, et al. a preprint



Anomalous spatial oscillations in Kitaev QSL  



Anomalous spatial oscillations in Kitaev QSL  

Defect on Ru site



Defect on Ru site

Anomalous spatial oscillations in Kitaev QSL  

Long-wavelength oscillations around defects

Incommensurate to the lattice spacing 3 nm

Ripples around defects



FFT

Anomalous spatial oscillations in Kitaev QSL  

Defect on Ru site



Lattice Bragg 

peaks

FFT

Satellite peaks

Peaks corresponding to 

anomalous oscillations 

around defects

Anomalous spatial oscillations in Kitaev QSL  

Defect on Ru site



Period of the oscillations depends 

on the sign of the bias voltage 

Not CDW or lattice distortion

Lattice Bragg 

peaks

FFT

Satellite peaks

Peaks corresponding to 

anomalous oscillations 

around defects

Anomalous spatial oscillations in Kitaev QSL  

Defect on Ru site



Long-wavelength oscillation around Ru defects

Quasiparticle interference (QPI)

Friedel oscillations (metal)

L. Petersen et al., PRB (1998).

J. Fransson and A. V. Balatsky PRB (2007).

Cu(111)

Incommensurate to the lattice spacing

Anomalous spatial oscillations in Kitaev QSL  

Defect on Ru site



Anomalous spatial oscillations in Kitaev QSL  

Negligibly small q-dependence

Not QPI

Defect on Ru site



Anomalous spatial oscillations in Kitaev QSL  

Negligibly small q-dependence

Not QPIq

E

Destructive interference 
Vertical dispersion does 

not appear in QPI spectra

Defect on Ru site



Enigmatic spatial oscillations in Kitaev QSL  

 Lattice distortion

Moiré

Charge density wave

Friedel oscillations 

 Quasiparticle Interference

Interference phenomena 

related to Majorana 

excitations?

are NOT the origin of the 

observed spatial oscillations

Long-wavelength oscillation around Ru defects

Incommensurate to the lattice spacing

Defect on Ru site



Something is oscillating



Summary

Insulator: Neutral particles

Summary

Majorana Chern insulator

Majorana fermion is the origin of thermal Hall effect

Sign change of the planar thermal Hall effect and 

gap closing occur simultaneously at H||b

O. Tanaka et al. Nature Phys. 18, 429 (2022).
T. Yokoi et al. Science  373, 568 (2021).

K. Imamura, S. Suetsugu et al. arXiv:2305.10619.

Y. Kasahara et al. Phys. Rev. Lett. 120, 217205 (2018).

Y. Kasahara et al. Nature 559, 227 (2018).

Y. Kasahara et al. Phys. Rev. B 106, L060410 (2022).

Y. Kohsaka et al. a preprint.

Highly oriented pyrolytic graphite

Enigmatic spatial oscillations around defects

STM studies on a-RuCl3 monolayer

No kxx oscillations in very clean crystals

Half-integer quantized thermal Hall effect in a-RuCl3

Topology and thermodynamics in a-RuCl3

Hall sign consistent with topological invariant of KQSL

Dirac cone for H || b and gap DM for H || a (                 )

Fermion, not boson

https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5CDelta_%7B%5Crm%20M%7D%5Cpropto%20H%5E3%0A%5Cend%7Balign*%7D


C. Ye et al., Nat. Commun.

4, 1365 (2013).

No long-wavelength oscillations have been reported in other 

Mott insulators

Ca2CuO2Cl2α-RuCl3 Sr2IrO4

Z. Sun et al., Phys. Rev. Res.

3, 023075 (2021).

1T-TaS2

Z. Wu et al., Phys. Rev. B

105, 035109 (2022).

Periodic long-wavelength structure

https://www.nature.com/articles/ncomms2369
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.3.023075
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.105.035109
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Scaling between κxx and κxy

Phonon origin of κxy?

T. Yokoi et al., Science 373, 568 (2021).

É. Lefrançois et al., PRX 12, 021025 (2022).

P. Czajka et al., Nat. Mater. 22, 36 (2023).

q || a

q || H || a

q || a

H || c

Evidence against phonon thermal Hall effect

κxx and κxy show essentially 

different T- & H-dependencies.



Majorana gap for H//a : specific heat in FIQD state

Cph
Cph Cph

Nonmagnetic 

reference

H || a
zigzag

0

ΔM
Bulk gap

O. Tanaka et al. Nature Phys. 18, 429 (2022).

https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0AC_%7Bph%7D%5Cpropto%20T%5E3%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0AC_%7B%5Crm%20mag%7D%2FT%5Cpropto%20e%5E%7B-%5Cfrac%7B%5CDelta_%7B%5Crm%20M%7D%7D%7BT%7D%7D%0A%5Cend%7Balign*%7D


ΔM

Flux (vison) gap

3rd order perturbation 

opens Majorana gap

DM: Majorana gap

Majorana gap

Majorana gap for H//a : specific heat in FIQD state

Y. Motome and J. Nasu, JPSJ (2020).

O. Tanaka et al. Nature Phys. 18, 429 (2022).

H || a
zigzag Bulk gap

https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5CDelta_%7B%5Crm%20M%7D%5Capprox%20%5Cfrac%7B%7Ch_xh_yh_z%7C%7D%7B%5CDelta_%7B%5Crm%20flux%7D%5E2%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Ctextcolor%5Brgb%5D%7B0.8%2C0%2C0%7D%7B%5CDelta_%7B%5Crm%20M%7DT_%7B%5Crm%20max%7D%5E2%5Cpropto%20H%5E3%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0AC_%7B%5Crm%20mag%7D%2FT%5Cpropto%20e%5E%7B-%5Cfrac%7B%5CDelta_%7B%5Crm%20M%7D%7D%7BT%7D%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0AT_%7B%5Crm%20max%7D%5Cpropto%20%5CDelta_%7B%5Crm%20flux%7D%0A%5Cend%7Balign*%7D


DM
EF

Defect on Ru site

q=2k

E

q

E

Expected QPI spectra

E

q

E

Destructive interference 
Vertical dispersion does 

not appear in QPI spectra

Anomalous spatial oscillations in Kitaev QSL  
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Defect on Ru site
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Expected QPI spectra

Anomalous spatial oscillations in Kitaev QSL  





#5

Decoupling of phonons 

and edge currents

(sample size ~ lph)

Y. Vinkler-Aviv  and A. Rosch, PRX  8, 021032 (2018).

M.Ye, et al., PRL 121, 147201 (2018).

Majorana+Vison

A.P. Joy and A. Rosch, 

arXiv:2109.00250

Different types of 

Majorana excitations

A. Go.J. Jung and E-G. Moon, 

PRL 122, 147203 (2019).

M. Yamashita et al. PRB 

102, 220404(R) (2020).

J.A.N. Bruin et al. Nature 
Phys. 18, 401 (2022).

Y. Kasahara, et al. PRB 

106, L060410 (2022).

Quantized and unquantized thermal Hall effect



M. Udagawa, et al., 

Phys. Rev. Lett. 126, 127201 (2021).

J. Feldmeier, et al.,

Phys. Rev. B 102, 134426 (2020).

Charge-neutral edge state

Vison No vison

Tunneling spectroscopy of Kitaev QSL using monolayer films

E. J. König et al.,

Phys Rev. Lett. 125, 267206 (2020).

Spin gap Non-abelian anyon

Detections of



High-resolution specific heat measurements

Long-relaxation calorimetry

Ag-coated 

glass fiber

Cu ringthermometer

sample
V

I

𝜃
𝜙

Two-axis rotator

Precise determination of C for small single 

crystals (10- 100 𝜇g) down to 250 mK.

Magnetic field direction can be controlled 

very precisely with respect to the crystal axis.

Our addenda ~ 100 pJ/K

Typical PPMS > 100000 pJ/K

8 T, 1.5 K

H || b

90-f

In-plane field rotation (q =90o)

c

a b

H
H



Majorana gap for H//a : specific heat in FIQD state

CphCph
Cph

Nonmagnetic 

reference

H || a
zigzag

O. Tanaka et al. Nature Phys. 18, 429 (2022).

0

ΔM

Bulk gap

Consistent with Majorana gap

https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0AC_%7Bph%7D%5Cpropto%20T%5E3%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0AC_%7B%5Crm%20mag%7D%2FT%5Cpropto%20e%5E%7B-%5Cfrac%7B%5CDelta_%7B%5Crm%20M%7D%7D%7BT%7D%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Ctextcolor%5Brgb%5D%7B0.8%2C0%2C0%7D%7B%5CDelta_%7B%5Crm%20M%7D%5Csim%20H%5E3%7D%0A%5Cend%7Balign*%7D


sample κxy plateau sign of κxy Planar thermal Hall

Kyoto1,2

Bridgman 

Tokyo Institute 

of Technology
Yes Yes

+60°+45° κxy< 0

−60°-45° κxy >0
Yes

ISSP

Tokyo3

Bridgman

Tokyo Institute 

of Technology

Yes Yes +60°κxy < 0

MPI

Stuttgart4

Bridgman

Tokyo Institute 

of Technology

Yes Yes −70°κxy >0

Princeton5
CVT

Oak Ridge
No Yes

Consistent with Kitaev QSLInconsistent with Kitaev QSL

No

Reproducibility of thermal Hall effect

4) J.A.N. Bruin et al. Nature Phys. 18, 401 (2022).

3) M. Yamashita et al. PRB 102, 220404(R) (2020).
5) P. Czajka et al. Nature Phys. 17, 915 (2021).2) T. Yokoi, YM et al. Science  373, 568 (2021).

1) Y. Kasahara, YM et al. Nature 559, 227 (2018).

CVT

Oak Ridge
Oak Ridge6

YesH || -a : κxy>0
~75% of K0/2

Yes

6) H. Zhang et al.arXiv:2303.03682.

H || -a : κxy>0

Reproducibility of thermal Hall effect

https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Ckappa_%7Bxy%7D%5E%7B2D%7D%3DK_0%2F2%0A%5Cend%7Balign*%7D


#5

Decoupling of phonons 

and edge currents

(sample size ~ lph)

Y. Vinkler-Aviv  and A. Rosch, PRX  8, 021032 (2018).

M.Ye, et al., PRL 121, 147201 (2018).

Majorana+Vison

A.P. Joy and A. Rosch, 

arXiv:2109.00250

Different types of 

Majorana excitations

A. Go.J. Jung and E-G. Moon, 

PRL 122, 147203 (2019).

M. Yamashita et al. PRB 

102, 220404(R) (2020).

J.A.N. Bruin et al. Nature 
Phys. 18, 401 (2022).

Y. Kasahara, et al. PRB 

106, L060410 (2022).

Quantized and unquantized thermal Hall effect

For further confirmation of Majorana fermion, we need to clarify

1. Topology

Chern number, Dirac cone, Majorana gap etc.

2. Reproducibility



Kitaev interaction

Bond-dependent Ising-like

A. Kitaev, Ann. Phys. 321, 2 (2006).

Each bond favors different directions of x,y and z.

Kitaev quantum spin liquid

Exchange 

frustration

2D Honeycomb

Review: Y. Motome & J. Nasu, JPSJ 89, 012002 (2020).

Majorana fermions

Spin-1/2

Spin-1/2 on 2D honeycomb lattice with three inequivalent bonds 

Localized Itinerant

https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B-J_xS_i%5ExS_j%5Ex%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7B-J_yS_i%5EyS_j%5Ey%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B-J_zS_i%5EzS_j%5Ez%7D%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0Ac%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0Ab%5Ex%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0Ab%5E%7B%5Calpha%5Cdagger%7D%3Db%5E%5Calpha%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0Ac%5E%7B%5Cdagger%7D%3Dc%0A%5Cend%7Balign*%7D


H = 0

Majorana semimetal

Energy dispersion of itinerant Majorana

Itinerant Majorana

Majorana semimetal

https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Cvarepsilon(%7B%5Cbf%20q%7D)%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0Aq_x%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0Aq_y%0A%5Cend%7Balign*%7D


H = 0

Majorana semimetal

Energy dispersion of itinerant Majorana

Itinerant Majorana

Majorana semimetal

H = 0 H = 0

Chiral Majorana edge current

H = 0

Majorana Chern insulator

Chern number

Half integer thermal QHE

One Majorana = “half ” of a fermion

Quantum Thermal 

Conductance

https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0AC_h%3D%5Cfrac%7B%5CDelta%7D%7B%7C%5CDelta%7C%7D%3D%5Cpm%201%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%3D%5Cfrac%7B1%7D%7B2%7D(~~~~~~%2B~~~~~~)%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Ckappa_%7Bxy%7D%5E%7B2D%7D%3D%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Cfrac%7B1%7D%7B2%7D%7DK_0%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0AK_0%3D%5Cfrac%7B%5Cpi%5E2k_B%5E2%7D%7B3h%7DT%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0A%5Cvarepsilon(%7B%5Cbf%20q%7D)%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0Aq_y%0A%5Cend%7Balign*%7D
https://texclip.marutank.net/#s=%5Cbegin%7Balign*%7D%0Aq_x%0A%5Cend%7Balign*%7D
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