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Novel electromagnetic phenomena
due to the topology of electronic state

*Quantum Hall effect
*Topological Insulator
Anomalous Hall effect
*Spin Hall effect
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Fang-Nagaosa

How about topological phenomena relevant
to magnetic oscillation (magnon)??




Contents of this talk

Observation of magnon Hall effect Observation of Magnetic
excitations in skyrmion crystal

Dzyaloshinskii-Moriya interaction

Rotation mode

tlalalalalalalalalsl Breathing mode
Y. Onose et al., Science 2010 ‘

T. Ideue, Y. Onose et al., PRB 2012 Y. Onose et al., PRL 2012




Observation of magnon Hall effect



Quantum phase=Effective magnetic field

Additional quantum phase
» (Berry phase)
Y = Aexp(ik -r)e Aexp(ik T+ ia)

Motion in topologically
twisted space

Berry phase induced

ffect i ' '
Hall e *Topological Hall effect in skyrmion lattice

*Anomalous Hall effect in ferromagnets
*Spin Hall effect in metals and semiconductors
*etc.




Berry phase-induced Hall effect for maghons??

Magnon: quantum of spin wave

no charge, spin S=1

Lorentzforce  F =¢g(vxB)=0 (¢=0 for magnon)

Berry phase of magnon |:> Hall effect




Thermal Hall conductivity

Thermal Hall conductivity in metal

Cold Hot Electronic thermal current is

VyTI &QOKO

deflected when B is applied.

|

Transverse T gradientV T

Thermal Hall conductivity in insulator

K = %n t+K phonon tK magnon

Thermal Hall conductivityx,,
@ 3| effect of magnon (or phonon)




Target material -Lu,V,0,

M g/V))

Resistivity( cm)

v'Pyrochlore Lattice

v'Collinear ferromagnet

o (W/Km)

v'insulator
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Thermal Hall conductivity for Lu,V,0,

Y. Onose et al., Science 329, 297 (2010).
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Discussion

Origin of thermal Hall conductivity?

v'Possibility of electronic origin can be ruled out by Wiedemann Franz law.

K,,£<10> W/Km below 100K

\/ny decreases withHatlow 7. =)  Opening of magnon gap

\/ny is observed only below T... Coherent magnon propagation is crucial

Lu,V,0, H||[100]
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Theory of magnon Hall effect based on DM interaction
Katsura & Nagaosa

Localized magnon state
I site

is= 4t it

|”

“transfer integral” of localized magnons

. o o — pad o . F iqﬁij
Dzyaloshinskii-Moriya vectors < jl=J8, 'Sj + Dij (S, % Sj)|l >=—(J/2)e
in Pyrochlore Lattice

Je" = J+iDyn

Magnons acquire Berry phase owing to DM
interaction.



Fitting to Experimental data

J— |

. | .
= — ° LUZVZO7_
E 30 From fitting, we obtain
~
=
% 0 D/J=0.38
‘;, Cf. D/J=0.19 for CdCr,0,
% - T
= * T=20K -
-10 O —1
uof (T)
Theoretical formula of x, (Matsumoto & Murakami)
ki T
K = _;—VZC2(pn)Qn,z(k)

nk

p,: Bose distribution function, €2, : Berry curvature

c2(p)=(1+ p)(log—2)* — (logp)* —2Lir (— p)



Various ferromagnetic insulators La,NiMnOsg:

Pyrochlore ferromagents

Resistivity cm)
R

M(ug/ TM)

2

T'(K)

Ni2+ Mn4+

Perovskite ferromagnets

“ -

YTiO;  Akimitsu et al., 2001
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(@) LaoNiMnOg
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Pyrochlore ferromagnet

material K,y (M W/Km) |D/J|
Lu,V, 0, (20K) 0.7 0.38
Ho,V,0,(20K) 0.4 0.07

0.02

In,Mn,0,(33K)  -0.5

Perovskite ferromagnet

v

material K,, (10 W/Km)

La,NiMnOgq indiscernible

YTiO, indiscernible
BiMnO, -0.02~-0.04
(31K)



Effect of lattice geometry on DM-induced magnon Hall effect

Lu,V,0, LazNil\/lﬂO6

Ho,V,0; YTiO -

InZMn207 >3 BI|\/|n03
OO

GdFeO,-type
distorted perovskite

Magnetic site

(111) plane xz plane

K'xy¢0 ny=0 K.xy¢0




Observation of magnetic excitations
in skyrmion crystal



Skyrmion crystal in an insulating oxide Cu,0SeO,
S. Seki et al. Science 2012

Cu,0S5e0,

Space group: P2,3
Same as B20 compounds
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Microwave experiment

(a) Experimental setup
superconducting magnet

microstri

Incident wave

= NaVa

N\
Reflected wave

short sample

»
(b) Microstrip line (c)

=40K  11-5000 Oe .

H=800 Oe

. . Frequency (GHz)
side view

(d)

Broad band ESR

Network Analyzer

Semi rigid cable
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Microwave response in helical (conical) spin structure

Cu,0SeO; H||[110]
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Magnetic oscillation modes in Helical spin state

HDC J‘HAC (d) +Q mode -Q mode
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Magnetic field (Oe)
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Theoretical calculation of magnetic oscillation in skyrmion crystal

Mochizuki PRL
HDC J—HAC HDC H HAC
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Summary

We have investigated topological phenomena related to
magnetic excitations in magnetic materials .

1, Observation of magnon Hall effect
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/ ‘; ‘ ‘; ‘ ‘L ‘ ‘n | |L | |L / |; | |s | |; | |; ' ‘; ‘ ‘; ‘ /

Effect of lattice geometry

2, Magnetic excitations in Skyrmion crystal

>>> Skyrmion rotation mode
>>> Skyrmion breathing mode







Magnetic Field (Oe)
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AS,, (dB)

AS,,-AS,, (MdB)
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Temperature dependence, anisotropy

LU2V207
15— |
* HI[111]
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1+ _
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_ | j :
Oeeo—L— I ! - v'Emergent at T,
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