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Outline

Lecture 2 (Correlated electrons and magnetism) applications

» Excitations and dynamics in magnetic systems :
Linear response =2 INS, ESR, Raman

Non-linear response = non-linear optics (2DCS)




Excitations in ordered magnetic systems?
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Magnons: spin density waves
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osonic collective excitations
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Sharp magnon peaks!
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,H:Jz] SZS]—I—DZJSZ XSJ—I-SZFZJS]
EXCitationS in quantum Spin ||qU|ds7 (Geometrical frustration and/or Kitaev-like interactions)

Magnon vs Spinon Excitations
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calculations of dynamical properties?

Once the spin Hamiltonian is known -
apply an appropriate many-body method to calculate dynamics

For frustrated spin Hamiltonians:

QMC (sign problem)
DMRG (low-d)

VMC (variational ansatz)
ED (finite systems)

Example for spin-orbit-driven Hamiltonians (Kitaev-like) 2>

-INS, ESR, non-linear optics (2DCS), Thermal Hall...



Mott insulator

Kitaev candidate

4d° Ru
= %2 honeycomb lattice

Ab-initio derived models:  Hest = ). Si - Jij + S; S = jx

________________________________________________

Kitaev ' J,;=-05,K,=-50,,=+25, J,=+0.5meV |

H =\ 1S - S;|+|K15787 | [+T1(S88) + 57 59)

_________________________________________________

+I (S S] +SES] + 5755 +S§Sf) +J3S; - S; j:— om e -

Winter...,RV PRB 93, 214431 (2016) Rau, Kee PRL 112, 077204 (2014) | | |
Kaib, ...,RV npj Quantum Materials (2022) Yamaji et al. PRL 113, 107201 (2014) $0=  $0= 0= &O0—

Méller, Maksimov,Jiang, White, RV, Chernyshev PRB (2025) ¢ Zigzag magnetic order state.



. L, Excitations —Inelastic Neutron Scattering
Exact diagonalization of

finite clusters INS intensity

Z(k,w) /dtz » kk‘/kQ)
8 Z<Sf(t)8;(O)>8_%k'(ri_rj)—zwt




— 1 Jy=-0.5,K;=-5.0, =425, J;=+0.5 meV

Coexistence of magnons + continuum

majorana excitations?
INELASTIC NEUTRON SCATTERING

Theory INS

Energy (meV)
Intensity (arb. units)

' Y IT' M I/

(H,0,0)
Winter, ..., RV Banerjee, et al.
Nat. Comm. 8, 11562 (2017) npj QM 3, 8 (2018)




a-RuCl, THz absorption spectroscopy

Linear response:

THz absorption ( ~ S(q = 0, w))

THz emitter External magnetic
field B,

g
.....
\
e
.,
......

THz detector

Incident THz pulse
B,(t)

Absorption coefficient Aa. (cm™)

~ Sample
Transmitted THz pulse
and FID signal

Chem. Sci. 8, 7312 (2017)

Wang et al. Photon energy iim (meV)
PRL 119, 227202 (2017) o _
THz pulse on the system is used to probe Winter, .. ,RV Origin of continuum?

. . PRL 120, 077203 (2018
and excite ist dynamics (2078)

breakdown of magnons?
fractionalized excitations?



Furthermore...

= Controversy on possible field-induced spin liquid for B 2 B,

Thermal Hall measurements

o Kasahara et al. Nature 559, 227 (2018)
" v : Yokoi et al., Science (2021)
b TN Czajka et al., Nat. Phys. (2021)
Z ¢ Lefrancois et al., PRX (2022)
TB ‘ @ Bruin et al., Nat. Phys. (2022)
a — B
Zigzag Field-
AFM Polarized

Winter, ...RV, PRL 120, 077203 (2016) Dhakal, ..,RV. Winter arXiv:2407.0060



Nature of magnetic excitations?

Dynamical (linear and non-linear)
spin response?

Kaib, Mdller, RV PRR 8, L012052 (2026)



Linear response:

26(1) = iO(=1,[0, O(1)])
Example: dynamical spin structure factor

§#(q, ) = Im g (@) ~ ) [(GS|S{I¥,) [ 6w ~ E,)

—> probes which excitations are accessible from the ground state

Kaib, Modller, RV PRR 8, L012052 (2026)



Quantum spin liquid:
Continuum in the Dynamical Structure Factor
p — 1 - Continuum can stem from:
§"(q. ) = Im g, (@) ~ (GS| 0| ¥,)
» Fractionalized excitations

» Damped/decaying mode? Magnon decay?

> Disorder?

Kaib, Modller, RV PRR 8, L012052 (2026)



a-RuCl, Inelastic Neutron Scattering (INS)

Linear response:
Coexistence of magnons + continuum

Theory (a-RuCl,) Experiment (a-RuCl,)
dynamical spin structure factor

w
=
p— 3
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. L2
$4(q, @) = Impyg, (@) ~ )" [(GS|S;|¥,) "6 ~E) & e
; 5 :
o (0]
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_ T Q... Y QY QY v [ qagb B qo A
M= D00 S8 + K]S]S) 4T (ses7 +s7s7) v P T
(id) (H,0,0)
-+ Z J3Si-S; — un Z B-g-S;, Winter ... RV Banerjee, et al. npj QM 3, 8 (2018)
(((ig))) i Nat. Comm. 8, 1152 (2017)
v € {2y, 2} Origin of continuum?

breakdown of magnons?
fractionalized excitations?




Nonlinear spectroscopy



_ how to calculate and interpret x ?
Higher-order responses:

challenging task!

1o = iO(=1,){[0, 0(t)]) ~ (GS|O|?,)
1ot 1) = i*0(=1)0O, — L){[[0, O], O,)]) ~ (GS|O|¥, (¥, 0¥, (¥, |0|GS)

1ot b, 13) = PO(=1))0(1; — £)O(t, — L)X, O(t)], O], OWL)]) ~ (...)

(1) -> probes which excitations accessible from the ground state
—> probes relations between excitations

Kaib, Mdller, RV PRR 8, L012052 (2026)



Quantum magnets
Higher-order responses:

Analytical work: Two-dimensional coherent spectroscopy
Wan, Armitage PRL 122, 257401 (2019) (Transverse-field Ising chain) M.,
Kanega et al. PRR 3, L032024 (2021) (Kitaev honeycomb) g measure
Kruptnitska, Brenig PRB 108, 075120 (2023), arXiv:2403.08867 (Kitaev honeycomb) B ”T
Qiang et al. PRL 133, 126505 (2024) (Kitaev honeycomb) ”Ofield pulses  f
Numerical work: VM
Sim et al. PRB 107, L100404 (2023) (iMPS, Transverse-field Ising chain) )D /

Gao et al. PRB 107, 165121 (2023) (DMRG Ising ladder)

Watanabe et al. PRB 110, 134443 (2024) (ED, Transverse-field Ising chain, Twisted Kitaev chain)
Watanabe et al. PRL 134, 106703 (2025) (ED, spin-1 Heisenberg+SIA)

» Explicit numerical time evolution foragrid t, T

) . computationally demanding
» Fourier transform obtained from ¥



Second-order responses: (Exact diagonalization) Our approach
X6(t, 1) = *O(—1)0O(1; — L)([[O, O(1))], O(1,)]) '

00 oo
) L )
X( )(a)fa CUT) — “ “ drdre '@ twff)(( )(f, !+ T) David Kaib
—0 -0

Our approach: (Formally) perform time-evolutions within suited M-dim. Krylov space (M<< dim)

Ky (H.|do)) = Hy (H.610)) = span ({@|0), HG|0), H26|0), ..., HM-1@|0>})

Result: Allows direct evaluation in frequency space:

Iy _ .
)((2)( W, ®,) ~ Z /s + () ,Byproducts” of Lanczos algorithm

n,m (a)t + IW_EH) (a)r + ln_Em)y_ P 3 ‘

: .. : . : . Kaib, Mdller, RV PRR (2026)
= avoids explicit numerical time evolution and Fourier transform

= contributions from all orders (iHt)™ m<M are exact
= extendable to higher order susceptibilities and finite T

Marius Moli
Validated with existing results so far! ]



Application: a-RuCl; (minimal model)

H= z} J1Si-S; + KS!SY + Ty (58sP +5Ps7) + (((Z»)]gsi .S; —upYB-g-S;
ij)y i] i

(]1) Kl) F]J]S) — (_05, _5, +25, +05)meV

Winter et al., Nat. Comm. 8:1152 (2017)
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Wang et al., PRL 119, 227202 (2017

Winter, ..,RV, PRL 120, 077203 (2018) THz absorption spectroscopy



B 2 B.: Magnon B > B_: Conventiona Conventional

breakdown magnons restored
Reyx? (ED #
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Origin: interacting fractionalized excitations, etc...

Kaib, Mdller, RV PRR (2026)

2DCS

magnon picture
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- At the LSWT level,
only Fy,4 and F. poles,
independent of model
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Lecture 2 (Correlated electrons and magnetism) applications

Frustrated magnets

SUMMARY (Kitaev-like magnets)

> Derivation of microscopic (spin) models from first principles / projection method

> Nature of magnetic excitations? projection method

» Linear response (INS, ESR, ..)

» 2D coherent spectroscopy in the THz regime
is a powerful technique to diagnose the nature of
(linear-response) broad spectra in quantum magnets

> Efficient computational method in ED to calculate non-linear
responses
—> can be extended to generalized models
and higher-order response functions Kaib, Moller, RV PRR (2026)



Summary
Lecture 1 (DFT and magnetism) techniques

= Motivation

* Microscopic description of magnetism (frustrated magnetism / spin-
orbit coupling) = Kitaev frustration

-> from first principles to spin model Hamiltonians
/H:JZJSZS]—FDUSZXSJ—|—SZI‘ZJS] +

Lecture 2 (Correlated electrons and magnetism) applications

» Excitations and dynamics in magnetic systems :
Linear response =2 INS, ESR, Raman

Non-linear response = non-linear optics (2DCS)




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8: Excitations –Inelastic Neutron Scattering
	Slide 9
	Slide 10: THz absorption spectroscopy 
	Slide 11
	Slide 12: Dynamical (linear and non-linear) spin response?
	Slide 13
	Slide 14
	Slide 15: Inelastic Neutron Scattering (INS) 
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23


  B = 7 T


   𝜒 ∥ 1


  H =  ∑    ⟨ i j ⟩ 𝛾  J 1  𝐒 i ⋅  𝐒 j +  K 1  S i 𝛾  S j 𝛾 +  Γ 1  (  S i 𝛼  S j 𝛽 +  S i 𝛽  S j 𝛼 ) +  ∑  ⟨ ⟨ ⟨ i j ⟩ ⟩ ⟩  J 3  𝐒 i ⋅  𝐒 j −  𝜇 B  ∑ i 𝐁 ⋅ 𝐠 ⋅  𝐒 i


  (  J 1 ,  K 1 ,  Γ 1 ,  J 3 ) = ( − 0 . 5 , − 5 , + 2 . 5 , + 0 . 5 ) meV

