Magnon-magnon/phonon coupling
in two-dimensional triangular lattice antiferromagnets
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€ Why magnon-magnon/phonon coupling in 2D TAF?

€ A Tale of Two Cities: magnon-magnon/phonon couplings in YMnO;

- Magnons measured by inelastic neutron scattering

- Phonons measured by inelastic X-ray scattering

¢ Outlook

q POsters

Spin texture and its dynamics of Al-doped triangular lattice
antiferromagnet h-YMnQO4, Kisoo Park

Magnetic excitations in non-collinear metallic antiferromagnet
CrB,, Pyeongjae Park
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_iferromagnets at J-G Park’s Group 1b>CCES

= Quantitative determination
of non coupling

>

= Localized vs ltinerant
* Impurity effects CrB, LuMnO,
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Experimental fact: an ideal triangular lattice is rather rare
among magnetic systems.
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Interaction of Spin Waves and Ultrasonic Waves in Ferromagnetic Crystals*

C. KiTTEL
Department of Physics, University of California, Berkeley, California
(Received January 9, 1958) ' )
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Diagonal components Off-diagonal components
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FIG.1. Closed circles: dispersion relations measured around magnetic reciprocal lattice points at 4, 2°K,
M labels the magnon-like parts of the modes. Open circles: acoustic phonon dispersion measured at room
temperature,

S. Lovesey, “Theory of Neutron Scattering from
T. Chatterji et al., JPCM 22, 316001 (2010) Condensed Matter systems,” sect. 9.8



S on-Phonon for Spintronics 1> CCES

Center for Correlated Electron Systems

Spintronics: spins as data storage
Writing process by photon & heat
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PP90OPSOOS =  Magnon-phonon coupling is important for spin conversion.
=  Conversion factor o< coupling strength
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Spintronics: spins as data storage
Writing process by photons & heat

% Photon

Photo-induced magnetic domain in YIG
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« Exchange energy is dominant in most 3d TM based magnets
* No linear coupling in collinear spin structure

L,J
I +— DN =J Z(Si’cS}“ +57S7 +S7s7)
LJ

— xgX 4 ¢¥gY 4 ¢ZgZ
Longitudinal Transverse Himp _?5] SZ(Sl S+ S0 3 SJ)
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Sf =S —bb, S¥,8? = b}, b; 1 phonon 2 magnon




-on coupling via exchange-striction 1bSCCB

» Noncollinear magnetic structure: Transverse-longitudinal coupling
-> Direct mixing of magnons and phonons

Joosung Oh
PhD Thesis
(2017)
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« Lattice & spin modulation — phonon & magnon operators
« Numerical diagonalization of Hamiltonian
« Calculation of dynamical spin structure factor

a
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Joosung Oh
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Estimated a For YMnO;

d(Py)0Ty /0P
a = ; =14
Ty (Po)(9d/0P)

T. Lancaster et al., PRL 98, 197203 (2007)
D. P. Kozlenko, JGP et al., JETP 82, 193 (2005)

La,CuQOy4: a = 6~7
CuCrO,: a = 30

« M. C. Aronson et al., PRB 44,4657 (1991)
« K Park, JGP etal., PRB 94, 104421 (2016)
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Inelastic Neutron Scattering

v Lattice
Neutron < Nuclei scattering

QQ“’,.Q o
‘.Q...". Q.
29%0%0%¢%
Spin
Neutron’s spin < Electron’s spin

- Dipole — Dipole interaction o
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Inelastic X-ray Scattering

v Lattice
Photon < electron cloud scattering

26%6%6%6
®6%6%6%6

(Photons cannot detect spin, but...)

&‘- v Spin-Lattice coupling

IXS can probe magneto-
elastic excitation indirectly.
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scattering vector (A™)
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Wavelengths of neutrons and x-ray are si
milar to atomic spacing!

Energy of neutrons and x-ray are similar
to elementary excitations in solids!

Advantage of Inelastic neutron scattering

* Probes both spin & lattice excitation
« Good energy resolution

 Sensitive to light atoms

Advantage of Inelastic x-ray scattering

* Probes lattice vibration
 Good momentum resolution
« Low background

« Small sample down to 10pm and 100nm film



Magnon-Magnon/Phonon
Coupling in hexagonal Manganites

Inelastic Neutron and X-ray Scattering



,, _Antiferromagnet (Y,Lu)MnO;,  1°CCES

« Structural transition from paraelectric (P6s/mmc) to ferroelectric (P6scm) below T.~1250 K
« Mn atoms form triangular layers
« 120° noncollinear magnetic order below Ty due to geometrical frustration

* YMnO3: TN=75 K, GCW=7O5 K
* LuMnOj;: Ty=90 K, Bcw=887 K

4 possible magnetic structure of P63cm space group

H. Sim, J-G. Park et al., Acta Cryst. B72, 1 (2016)
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Qx, phonon mode (Ferroelectric transition)
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« Atomic displacement below Ty

« Large displacement of Mn x position induces
Mn trimerization.
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* Numerous evidences of spin-lattice(phonon) coupling in YMnO;

Phonon anomaly Elastic moduli Thermal conductivity
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_gnon dispersion relation 1> CCES

Spin Hamiltonian
» Three magnon modes
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J. Oh, J-G. Park et al., Nat. Commun. 7, 13146 (2016)



L EZII Exchange-Striction Model

aopo

Mn-O Bond-length change is dominant for exchange-striction in YMnO3

af
H = Hyppn + th b*bk+2d
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DFT phonon result of YMNnO3
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Taehun Kim, JGP et al., 10 ; . TR : .
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Overall features are all similar for all three different models although the
ESP model is slightly better.
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BL 43XU at Spring-8, Japan Kisoo Park

« Simultaneous measurement

Analyzer Array

of 24 different q points (b) SPring—8 (BL35, BL43) 4x3, 6x4 (9x4)

+ q & E resolution: 0.05 A1 & 1.5 meV meV Beam Bl o
NG |
Main Operating Conditions at BL43LXU Offset -
S High Resolution CWStals eV Beam
pectrometer (Asomic Dynamics)
i ferd 2570 | 2175 || 1779 | 1582

Energy Resolution

FWHM (meV) >0.75 >1.25 >2.8 ~6

Analyzer Reflection a3313) farn] ©99 | 888

Si (nnn)
Maximum Momﬁntum Transfer 12 10 8.3 74
(A1
Photons at the Sample 02 ~1 ~3 ~10

(Relative: 1 unit ~25 GHz)

~0.2 x 0.2 mrad® (Min.) to

Aualyzer Selid Angle 9.4 x 8.9 mrad® (HxV, Max.)

Beam Size at Sample

Diameter, FWHM ~50 um (Default), ~15 um (Compound Focus

A. Q.R. Baron, arXiv: 1504.01098
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Key Observations

= We have succeeded In
measuring several key
phonons by using inelastic X-
ray scattering technique.

Energy (meV)

= We have also found a
significant shift induced by
cooling.
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K. Park, J.-G. Park et al., in preparation

(a) (3.94, 0.64, 0.02) (b) (4.05, 0.64, -0.04)

2 Kisoo Park
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Each magneto-elastic modes can be characterized by the ratio between magnon/phonon components
@) +p™" (@) =1,  p"*’""(g): magnon/phonon character of i~th band at q point).

l

96x96 Matrix
Mangeto-elsggc modes colored with the magnon L —iNt M —inNt
character p. "~ (q) : oy t+ [iIN  Q —iN 0
i Matrix from: H = Sy, X, v Nt LNt Xtot
iN 0 iN  Q
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=  Each magneto-elastic modes can be characterized by the ratio between magnon/phonon components
@) +p™" (@) =1,  p"*’P"(g): magnon/phonon character of i~th band at q point).

= We can define the ‘magnon-phonon mixing entropy’ S(q) = — %, p; 2 (@)log(p; *?)(q) to quantify the
mode-integrated momentum dependence of magnon-phonon coupling.

Magnon-Phonon Mixing Entropy

15

20

-
€)]

Energy (meV)
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We can diagonalize pure magnon Hamiltonian in MP-coupled Hamiltonian.
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magnon-phonon coupling strength 20 40 60 80
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is via MP-coupled Hamiltonian 1b> CCES
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K point (1/3 1/3 0), 8t phonon mode (16.17 meV)
— Mn-trimer breathing phonon mode is most strongly coupled with the magnons at K point.




2D magnetic van der Waals Materials
Landscaping Quantum Phases on 2D
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Je-Geun Park, J. Phys. Condens. Matter 28, 301001 (2016)
K. S. Burch, D. Mandrus & Je-Geun Park, Nature 563, 47 (2018)
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Ni PS3 He?senbeig - Mn PS3
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stration on real 2D limits 1b>CCES

Center for Correlated Electron Systems

Honeycomb Lattice Triangular Lattice Kagome Lattice
* Most of magnetic van 1T — TaS,: possible « Pd;P,Sg
der Waals materials quantum spin liquid * Nbslg
have honeycomb state + Nb,(Br,Cl)
lattice — M. Kratochvilova, NPG TS
. T Quantum Materials 2,
::s;ngc;;.eF_T_:S3, Crls, Vl;, 42 (2017)
ST2 e — Y.J. Yu, Phys. Rev. B
« XY:NiPS; 96, 081111(R) (2017)

* Heisenberg: MnPS,

cf: Y Matsuda’s talk on
cf: RuCl, Tuesday
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Strong magnon-phonon coupling produces a new hybrid magneto-elastic mode.

We developed a quantitative formalism/procedure how to combine magnon and phonon.
We provide a detailled momentum- and mode- analysis on the effect of magnon-phonon
coupling.

More general remark: In a noncollinear magnet, magnon mixes with other magnon and phonon,
resulting in a creation of magneto-elastic excitation.
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