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1. Half integer quantized thermal Hall effect in a-RuCl,

2. Is a-RuCl; really Kitaev material?

Topology: Topological invariant
Thermodynamics: Dirac cone and Majorana gap
Thermal transport properties of very clean crystals

3. STM studies on monolayer a-RuCl;

Local density of states around defects
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Strongly spin-orbit coupled j=1/2 Mott insulator a-RuCl,
A prime candidate for hosting an approximate Kitaev QSL
H = K757 +JS; - S; + T(SFSY + SYST) + I'(SFS7 + S7.5% + 5YS5% + S75Y)
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Signatures of fractionalization of electron spin

Specific heat Entropy release due to itinerant Majorana fermions
S-H.Do et al. Nature Phys. 13, 1079 (2017).
S. Widmann et al. PRB 99, 094415 (2019).

Raman Fermionic excitations inconsistent with bosonic magnons
J. Nasu et al., Nature Phys. 12, 912 (2016).
Neutron Broad magnetic continuum in good agreement with Kitaev QSL

A. Banerjee et al., Nature Mater. 15, 733 (2016).
A. Banerjee et al., Science 356, 1055 (2017).
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Half-integer quantized thermal Hall conductance plateau

A. Banerjee et al., npj Quantum Mat. 3, 8 (18).

Y. Kasahara, YM, et al.
Nature 559, 227 (2018).
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Reproducibility of thermal Hall effect

Crystals grown by Bridgman method

1. Quantized plateau
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2. Is a-RuCl; really Kitaev material?

Topology: Topological invariant
Thermodynamics: Dirac cone and Majorana gap
Thermal transport properties of very clean crystals



Topological invariant and planar thermal Hall effect
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Topological invariant and planar thermal Hall effect
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Topological invariant and planar thermal Hall effect
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1
Koy = ChiKg Ch = sgn(hghyh,) = £1

H-component with respect to the spin axis
Spin axis is different from crystal axis

C,=+1

armchair
ac-plane ab-plane
c || [111]

Planar thermal Hall effect
6

Finite Chern number in parallel field (H ||-a, C,=+1)

b
VTy(Hm’) - _VTy(_Ha?) : ;
Emergence of planar thermal Hall effect in paramagnetic state

Angle-rotation induced topological transition
Rotating H clockwise changes the thermal Hall sign from negative to
positive when H crosses the b axis.
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Origin of planar thermal Hall: Majorana or magnon ?
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Topological magnons

Sign of x,, can be explained by topological magnon thermal Hall effect in

specific parameter range

E. Z. Zhang et al., Phys Rev B 103, 174402 (2021).
L. Chern et al., Phys. Rev. Lett. 126, 147201 (2021).



How to distinguish Majorana and magnon ?

Topological magnons

Majorana fermions
boson
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How to distinguish Majorana and magnon ?

Majorana fermions Topological magnons
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S. Koyama and J. Nasu, Phys. Rev. B 104, 075121 (2021).
K. Hwang, E-G. Moon et al. Nature Commun. 13, 1 (2021).

Rigorous testing of the Kitaev QSL: Dirac cone for H||b
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Dirac cone for H||b: specific heat in FIQD state

10T

H | b

armchair t

CIT (meoI'lK'B)
N

0 1 1 1 1
0.0 02 04 06 08 10
T(K)



Dirac cone for H//b: specific heat in FIQD state
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Majorana gap and Dirac cone in FIQD state
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Oscillating thermal conductivity

CVT 16

141 H//a
éH 0.8 . . . ; —— 12 i}{ lllll I{ %

174K | 096 [ R ¢ I
’ X qaf L in!. . :
a8 i I"‘- AR ,_._,,i "'__ ,.@.. d

06} - O Bl The:
= I\ o IO e s+
. W Ha M /\/ T EEERR
= L S 04} ; 2| BERA -
= e N\ | | oL ILLILT
X . I Bridgman |
/!// S s L = i ”{H{ "
0 :loHé(T)w e sample 1 212{{ """""" » {{.5 - |
oot ~ Fied.re o+ ]
0 2 4 6 8 10 12 14 6F v "!‘;.;”_ Ht o
uoH (T) Al = ﬁﬁ
2t
Quantum oscillations of fermionic quasiparticles oL ” [ ] 1 1.

0 2 6 8 10 12 0
P. Czajka et al. Nature Phys. 17, 915 (2021). poH (T)

Magnetic transitions due to stacking faults

J.A.N. Bruin et al. APL Mater. 10, 090703 (2022).
E. Lefrancois et al. PRB 107, 064408 (2023).



Very clean a-RuUCl; single crystals
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Very clean a-RuUCl; single crystals
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Oscillating thermal conductivity
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Origin of the thermal Hall effect

Some people are not still convinced by the quantized

1. We cannot determine x,, accurately

2. The deviation from the quantized value at low
temperatures

3. We cannot fully explain the sample dependent
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guantization. Ko/T
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We need a new approach to tackle the quantized

thermal Hall issue without relying on the
MAGNITUDE of x,,.
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Origin of planar thermal Hall: bosonic or fermionic ?
In-plane H rotation across b-axis k. imamura, S. Suetsugu et al. arXiv:2305.10619.
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Origin of planar thermal Hall: bosonic or fermionic ?
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In a-RuCl,
Gap closing Concurrently occur
Sign change of the planar thermal Hall effect atH || b

Evidence for fermionic origin of the thermal Hall effect

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



Origin of planar thermal Hall: bosonic or fermionic ?

b (armchair)

H
Fermion \ | / Boson
a (zigzag)
H//b R

Chzl\/ \/ Chzlv >H//b< \/<

= Ch=1 ¢ ™N\

Ch=-1 /\ /\ | gap o

Gap is always finite.
Sign change is not related to the gap closing.

Sign change of x,, Is always
accompanied by gap closing

In a-RuCl,
Gap closing Concurrently occur
Sign change of the planar thermal Hall effect atH || b

Evidence for fermionic origin of the thermal Hall effect

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



1. Half integer quantized thermal Hall effect in a-RuCl,

2. Is a-RuCl; really Kitaev material?

Topology: Topological invariant
Thermodynamics: Dirac cone and Majorana gap
Thermal transport properties of very clean crystals

3. STM studies on monolayer a-RuCl,

Local density of states around defects



STM image of monolayer a-RuCl; on HOPG

Y. Kohsaka, YM, et al. a preprint
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Highly oriented pyrolytic graphite (HOPG)



STM image of monolayer a-RuCl; on HOPG
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Anomalous spatial oscillations in Kitaev QSL
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Anomalous spatial oscillations in Kitaev QSL
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Anomalous spatial oscillations in Kitaev QSL
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Anomalous spatial oscillations in Kitaev QSL
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Anomalous spatial oscillations in Kitaev QSL
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Kitaev QSL

Lattice distortion
Moiré

Charge density wave
Friedel oscillations
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Topology and thermodynamics in a-RuCl, P AT

6 =45°

® Half-integer quantized thermal Hall effect in a-RuCl,

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).

@® Hall sign consistent with topological invariant of KQSL i
@® Dirac cone for H || b and gap Ay, for H || a (A, oc H?)

T. Yokoi et al. Science 373, 568 (2021). soH (1)
O. Tanaka et al. Nature Phys. 18, 429 (2022).

Sign change of the planar thermal Hall effect and

gap closing occur simultaneously at H||b
K. Imamura, S. Suetsugu et al. arXiv:2305.10619.

Fermion, not boson
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No k,, oscillations in very clean crystals
Majorana fermion is the origin of thermal Hall effect

STM studies on a-RuCl; monolayer
Enigmatic spatial oscillations around defects

Y. Kohsaka et al. a preprint.
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Periodic long-wavelength structure

Ca,CuO,Cl, Sr,IrO,

C.Ye et al, Nat. Commun. Z.Sun et al., Phys. Rev. Res. Z.Wu et al., Phys. Rev. B
4, 1365 (2013). 3, 023075 (2021). 105, 035109 (2022).

No long-wavelength oscillations have been reported in other
Mott insulators


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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Evidence against phonon thermal Hall effect
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Scaling between k,, and k,,

Phonon origin of k,,?

E. Lefrancois et al., PRX 12, 021025 (2022).

P. Czajka et al., Nat. Mater. 22, 36 (2023).
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Majorana gap for H//a : specific heat in FIQD state
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Majorana gap for H//a : specific heat in FIQD state
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Anomalous spatial oscillations in Kitaev QSL
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Tunneling spectroscopy of Kitaev QSL using monolayer films
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High-resolution specific heat measurements

Long-relaxation calorimetry - Two-axis rotator

thermometer

Our addenda ~ 100 pJ/K In-plane field rotation (6=90°)
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Majorana gap for H//a : specific heat in FIQD state

O. Tanaka et al. Nature Phys. 18, 429 (2022).
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Reproducibility of thermal Hall effect
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Quantized and unquantized thermal Hall effect
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For further confirmation of Majorana fermion, we need to clarify

1. Topology

Chern number, Dirac cone, Majorana gap etc.
2. Reproducibility

Y. Vinkler-Aviv and A. Rosch, PRX 8, 021032 (2018).
M.Ye, et al., PRL 121, 147201 (2018).



Kitaev quantum spin liquid

Spin-1/2 on 2D honeycomb lattice with three inequivalent bonds
A. Kitaev, Ann. Phys. 321, 2 (2006).

H=—Jo », SIS§—Jy, > SISI—J. ) SiS;

<i>q <ij >y <ij>.
Kitaev interaction
Bond-dependent Ising-like Exchange
Each bond favors different directions of x,y and z. frustration

Spin-1/2 /"
-

Majorana fermions
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© 000
Localized Itinerant

et = p* o =¢

Review: Y. Motome & J. Nasu, JPSJ 89, 012002 (2020).
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Energy dispersion of itinerant Majorana
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Energy dispersion of itinerant Majorana

H=0 ltinerant Majorana
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* Majorana semimetal

HEO0 4E®k) l

ky S Majorana Chern insulator

A
Chern number Cn = A = +1

A & [ } Ko ="K
IaY

2D_1

| 2 = 5 Ko 3h

Quantum Thermal

_ Conductance
Chiral Majorana edge current Half integer thermal QHE

One Majorana = “half” of a fermion Q: %(‘4_ O)


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

	スライド 1
	スライド 2
	スライド 3
	スライド 4
	スライド 5
	スライド 6
	スライド 7
	スライド 8
	スライド 9
	スライド 10
	スライド 11
	スライド 12
	スライド 13
	スライド 14
	スライド 15
	スライド 16
	スライド 17
	スライド 18
	スライド 19
	スライド 20
	スライド 21
	スライド 22
	スライド 23
	スライド 24
	スライド 25
	スライド 26
	スライド 27
	スライド 28
	スライド 29
	スライド 30
	スライド 31
	スライド 32
	スライド 33
	スライド 34
	スライド 35
	スライド 36
	スライド 37
	スライド 38
	スライド 39
	スライド 40
	スライド 41
	スライド 42
	スライド 43
	スライド 44
	スライド 45
	スライド 46
	スライド 47
	スライド 48
	スライド 49
	スライド 50
	スライド 51
	スライド 52
	スライド 53
	スライド 54
	スライド 55
	スライド 56
	スライド 57
	スライド 58
	スライド 59
	スライド 60
	スライド 61
	スライド 62
	スライド 63
	スライド 64
	スライド 65
	スライド 66
	スライド 67
	スライド 68
	スライド 69

