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These show that:
Magnetization originates from angular momenta

Angular momentum can be exchanged between magnetic order and lattice
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How fast can we transfer angular momentum?
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Ultrafast manipulation of magnetism via chiral phonons
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Introduction
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Ultrafast manipulation of magnetism via chiral phonons
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Circular phonon induced switching of magnetization
m Ferrimagnet GdFeCo on Al;O3 or SiO2

Davies et al., 628, 540 Nature (2024)
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Circular phonon induced switching of magnetization
m Ferrimagnet GdFeCo on Al;O3 or SiO2

Davies et al., 628, 540 Nature (2024)

Problem

- @ - Switching efficiency (%)

Mechanisms not understood <> lack of microscopic theory
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Time-dependent DFT

Electron dynamics — time-dependent Kohn-Sham equation

0
Zha?/)kn(ﬁ t) =

2m

e 2 IS
( — ihV + EA(t)) Go + Vis(r,t) pYrn(r,t)

m Pauli spinor wavefuction 9k (7, t) = (X5, X5, )"

m Kohn-Sham potential Vis(r, t)

m Laser excitation is modeled via vector potential A(t)

Nuclear dynamics — Ehrenfest dynamics

OCTOPUS code Tancogne-Dejean et al., J. Chem. Phys. 152, 124119 (2020)
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Ultrafast Demagnetization of L1, FePt

Linear pulse: electric field E || e,

Central frequency 1.55 eV/h
Peak intensity 2 TW/cm?
Duration 20 fs

Ferromagnet

Magnetization of = 3
Strong spin-orbit coupling
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Ultrafast Demagnetization of L1, FePt

Linear pulse: electric field E || e,

Central frequency 1.55 eV/h
Peak intensity 2 TW/cm?
Duration 20 fs

Ferromagnet
Magnetization of = 3
Strong spin-orbit coupling

0.4 1

Fe 02
= 02 a4, S
= w/o SOC =
= 0.01 z S—— 00 =

N

4 -0.2] TQ‘ 4
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Without SOC: 8;:S o [H,5] =0

Demagnetization due to optically induced spin-flips krieger et al., JCTC 11 (2015); Mrudul and Oppeneer, PRE 109 (2024)
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Laser driven phonon excitation

UPPSALA
UNIVERSITET

Linear pulse: electric field E || e,

Introduction w/o SOC
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m Without SOC: linear optical phonon along E

Mrudul, MW et al., PRB 112, L180407 (2025)
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m With SOC: phonon angular momentum

m Frequency of displacements corresponds to pair of
degenerate optical phonon modes
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Frequency (THz)
S

m Consistent with experiment? Tauchert et al, Nature 602, 737 (2022)
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Introduction
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Atomistic
spin-latice Expanding extended Heisenberg Hamiltonian in displacements u; = r; — r; %
Hamiltoni- g
ans Hellsvik et al., PRB 99 (2019)
S Atomistic

. . y _ B B B, ¥ B
S spin-lattice H= g T ({ri}) S sy —E Jo ({9 STSy + E Jot {9 SIS g+

Hamiltonian ij,ap ij,af ijk,aBu
spin—spin interactions spin—lattice interactions

Spin-lattice coupling (SLC) tensors iji“({rcq}) = 8Jiaﬁ/8r ({r°9}) can be
Ab-initio (DFT) | calculated from first principles via

m Super cell method m Extended LKAG formula g Embedded cluster method
Liechtenstein et al., JMMM 67 (1987)
Hellsvik et al., PRB 99 (2019) Mankovsky, MW et al., PRL 129 (2022) Mankovsky et al., PRB 107 (2023)

-12- Magnetism gives phonons a twist | markus.weissenhofer@physics.uu.se



Introduction

Ultr
d

Atomistic
spin-lattice
Hamiltoni-
ans

Chiral
phonons

Summary

Multiscale approach for spin-lattice dynamics

Magneto-elastic
theory

Atomistic
spin-lattice
Hamiltonian

Ab-initio (DFT) |

Magneto-elastic constants By, Bs,...can be calculated from microscopic SLC

parameters MW et al., PRB 108 (2023); Miranda, MW et al., Phys. Rev. Mat. 9 (2025)

Expanding extended Heisenberg Hamiltonian in displacements u; = r; — r;%:

Hellsvik et al., PRB 99 (2019)

H =) T ({r})SeS) =Y T ({reopse sy + > T () Sesul +
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spin—spin interactions spin—lattice interactions

Spin-lattice coupling (SLC) tensors iji“({rcq}) = 8Jiaﬁ/8r ({r°9}) can be
calculated from first principles via

m Super cell method m Extended LKAG formula g Embedded cluster method
Liechtenstein et al., JMMM 67 (1987)
Hellsvik et al., PRB 99 (2019) Mankovsky, MW et al., PRL 129 (2022) Mankovsky et al., PRB 107 (2023)
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Energy and angular momentum transfer

HSLC — Z

ijk,afBp

aﬁ,u agB, u
ik S; S5 ug,

SLC contains change in
m isotropic Heisenberg exchange
m Dzyaloshinskii—-Moriya interaction (DMI)
m Magnetocrystalline anisotropies

due to displacements

Example: bcc Fe mankovsky, Mw et al,, PRL 129, 067202 (2022)

Correction to isotropic Heisenberg exchange (non-relativistic)

I = 37 g8 (50 S uf

ijk,p
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Example: bcc Fe mankovsky, Mw et al,, PRL 129, 067202 (2022)
Correction to isotropic Heisenberg exchange (non-relativistic)

HSLC
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”zk:u ]k Energy: Angular momentum: X
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0 Chiral phonons arising from magnon-phonon interactions
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Phonon angular momentum

Phonon eigenmode |¢ky) is characterized by
m Wave vector k m Polarization vector ¢k,
m Band index n (acoustic/optical)

m Frequency win

Summary
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Phonon angular momentum

Phonon eigenmode |¢ky) is characterized by

= Wave vector k m Polarization vector ¢
m Band index n (acoustic/optical) m Angular momentum L, = (thgn| D, @i X Pi|trn)
m Frequency win ® ¢y real — linear phonon (Lg, = 0)

® ¢y, complex — circular/elliptical phonon (L, # 0)

Summary
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Phonon eigenmode |¢ky) is characterized by

Introduction

e = Wave vector k m Polarization vector ¢,
demagned m Band index n (acoustic/optical) m Angular momentum Lin = (Ykn| Y, @i X Pilthkn)
m Frequency win ® ¢y real — linear phonon (Lg, = 0)

Fot ® ¢y, complex — circular/elliptical phonon (L, # 0)

Time-reversal (7°) symmetry
Lkn = _Lfkn

Inversion (P) symmetry

Summary
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e = Wave vector k m Polarization vector ¢,
demagned m Band index n (acoustic/optical) m Angular momentum L, = (thgn| D, @i X Pi|trn)
m Frequency win ® ¢y real — linear phonon (Lg, = 0)

Fot ® ¢y, complex — circular/elliptical phonon (L, # 0)

Time-reversal (7°) symmetry
Ly, = —L g Ly, =0

(except for high-symmetry points)

Inversion (P) symmetry

Summary

Option A - Broken P: structural symmetry breaking veda et al., Nature 615, 946 (2023)

Option B - Broken 7 driven systems, magnetic systems che et i, PRL 134, 196906 (2025)
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Phonon eigenmode |¢ky) is characterized by
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e = Wave vector k m Polarization vector ¢,
demagned m Band index n (acoustic/optical) m Angular momentum L, = (thgn| D, @i X Pi|trn)
m Frequency win ® ¢y real — linear phonon (Lg, = 0)

Fot ® ¢y, complex — circular/elliptical phonon (L, # 0)

Time-reversal (7°) symmetry
Ly, = —L g Ly, =0

(except for high-symmetry points)

Inversion (P) symmetry

Summary

Option A - Broken P: structural symmetry breaking veda et al., Nature 615, 946 (2023)

Option B - Broken 7 driven systems, magnetic systems che et i, PRL 134, 196906 (2025)

How do phonons "know" about broken 7" symmetry in ferromagnets? J
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Magnon-phonon hybridization in bcc Fe

m Second quantization (Holstein-Primakoff transformation)

W= N grsrsiull = 1) ceabrahy + clabha |+
ijk,aBp kX

m "Bare" phonon and magnon modes

P = Zhﬂkdz)\dkx and Hm = Zh‘*’ki);j’k

Summary
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Magnon-phonon hybridization in bcc Fe

m Second quantization (Holstein-Primakoff transformation)

Introduction

e — 7 A 2t A
Ultrafast HSLC = E gﬁk”LSaS [ E cmbkab + C;:r)\b,];ak) + ...
4 L
ijk,aBp kX

"Bare" phonon and magnon modes

P = Zhﬂkdz)\dkk and Hm = Zhwki)llf)k

Summary

ab initio magnon-phonon coupling

: ./“ v op=x - pu=y - pu=z Phonon/magnon energies
5.0 )
1y /’\ - N induced DMI

0.0 {gg=="{{----- AN (\,,J'y enlpm|mt .- K /\ [~
0.1 B A )

=N 0 S0 s induced
0.0 o= ASTAY ALY \-‘-4-7‘ anisotropy

e’
r HH NN rr PP HP N
r I N r H N r 3
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Magnon-phonon hybridization in bcc Fe

m Second quantization (Holstein-Primakoff transformation)

Introduction
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Hybridized magnon-phonon spectrum
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Hybridized magnon-phonon spectrum
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Hybridized magnon-phonon spectrum
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Phonon angular momentum in k., k.-plane

LA hybridizing modes circ. TA
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m Chiral phonons exist close to (but not exclusively at) high-symmetry lines
m Orientation of magnetization can be used to control where in BZ chiral phonons exist

MW et al., PRL 135, 216701 (2025)
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Equilibrium angular momentum

_ aeq 1
L(T) = Te[p*YT)E] = . .. L : —1 o : .
) <
kn By 12 1t N 1
‘ Z
Zhang and Niu, PRL 112, 085503 (2014) a =
n Il
Summary = - EL —2F u
m Ly, = ang. momentum of each mode N
m 1k, (T) = Bose-Einstein distribution T T 0% 0% T00%
Temperature (K) spin-orbit interaction

m Zero-point angular momentum
L(T = o0) = Tr[L] = 0

MW et al., PRL 135, 216701 (2025)
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Chiral phonons in other materials

Introduction
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Rieger, MW et al. (in preparation)
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Floquet engineering of magnons using phonon angular momentum

A(t) = Z (75 + Z S

Hamiltoni-
ans

Summary

Non-relativistic spin-lattice Hamiltonian

)]g .8,

MW et al., arXiv:2605.28425 (2026)
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Floquet engineering of magnons using phonon angular momentum

Non-relativistic spin-lattice Hamiltonian

A(t) = Z (75 + Z S
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Hamiltoni-
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m Periodic displacement wu(t) following
linear/circular phonons modes at I’
(B, 27.3meV)
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Floquet engineering of magnons using phonon angular momentum

Non-relativistic spin-lattice Hamiltonian
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(B, 27.3meV)

m Floquet theory to obtain effective spin
Hamiltonian
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m Holstein-Primakoff transformation — magnon
Hamiltonian

MW et al., arXiv:2605.28425 (2026)
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Hamiltoni-

ans

Chiral
phonons

Summary

Floquet engineering of magnons using phonon angular momentum

Non-relativistic spin-lattice Hamiltonian
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Floquet engineering of magnons using phonon angular momentum

Non-relativistic spin-lattice Hamiltonian

Ai(t) = Z[J”+Z"”” )}ﬁ .8 20"‘“\ """" m

% 15
£
Hamiltont m Periodic displacement uy(¢) following S0k 0 02 1 2
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(Eu, 27.3meV) 51 £
Summary . i i L '®) -1
m Floquet theory to obtain effective spin 0 “
= 1
Hamiltonian M K’ r K M
AT 8 - (gj % Sk) Magnons in Crlz

m Holstein-Primakoff transformation — magnon
Hamiltonian

‘ AFE x |PAM| Chern numbers o sgn[PAM] ‘

Driving linear phonons does not change
magnon energies! PAM = phonon angular momentum

MW et al., arXiv:2605.28425 (2026)
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Floquet engineering of magnons using phonon angular momentum

Relativistic spin-lattice Hamiltonian =
g =
N an N N e 15k -10 1
H(t) = Z [Jij + Z 67‘;: -uk(t)] i S %ﬁ [ (arb. units)
1z k =
A . 0 4
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m Anomalous transport j; = kgy0yT can be controlled by phonon angular momentum

MW et al., arXiv:2605.28425 (2026)
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Field-tunable thermal Hall responses of magnon-phonon quasi-particles

Ultrathin Fe(001) film; out-of-plane magnetic field
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MW et al., arXiv:2411.03879
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