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Abstract

A good understanding of spin dynamics is essential for the design and development of a variety
of spintronic devices for information transport, processing, and recording. In contrast to
ferromagnets, antiferromagnets have the advantage of an intrinsic high-speed spin precession at
terahertz (THz) frequencies as a result of the robust antiferromagnetic exchange interaction. Thus,
ultrafast control of antiferromagnetic spins has attracted considerable interest. Initially, the use of
circularly polarized near-infrared pulses emerged as a viable method for coherent spin excitation
because an effect magnetic field can be generated through the inverse Faraday effect.
Subsequently, alternative methods were discovered. For instance, it has been shown that the
exchange interaction can be modified by exciting charge-transfer electronic transitions or lattice
vibrations. However, these methods often lead to significant heating, because they strongly excite
either electrons or phonons. Since 2010, the use of THz pulses (usually in the range of 0.1-3x10*2
Hz) has emerged as a method for coherent spin excitation that does not involve a strong excitation
of electrons or phonons, because these pulses have low photon energies. The feasibility of
coherent spin excitation using THz electric fields has been demonstrated by resonantly exciting a
crystal-field-split electronic transition within the ground-state doublet of a rare-earth ion in an
orthoferrite. This method is limited to materials with crystal-field split transitions at THz
frequencies as well as sufficiently low temperatures where a thermal population that hinders THz
excitation is not created. The use of THz magnetic fields can be regarded as the most general
method to coherently excite antiferromagnetic spins in various materials and temperature ranges.
However, due to the relatively weak magnetic field of THz pulses propagating in free space, many
experiments on nonlinear coherent spin dynamics in antiferromagnets can only investigate a
restricted range of phenomena.

In this thesis, we present our investigations on the nonlinearities of the coherent spin dynamics
in the rare-earth orthoferrites HoFeOs; and Smo7ErysFeOs near room temperature using Tesla-
class THz magnetic fields. Both HoFeOs; and Smo 7Ero3FeOs are canted antiferromagnets with a
small net magnetization. The spin dynamics in these antiferromagnets can be described in terms
of their eigenmodes: the quasi-antiferromagnetic (g-AFM) and the quasi-ferromagnetic (q-FM)
modes. The nonlinearities of the g-AFM mode in HoFeO; and the g-FM mode in Smg7ErosFeO3
were studied using the same experimental method: To generate a Tesla-class THz magnetic field
in the sample, we designed a spiral-shaped microresonator and fabricated it on the sample surface
by electron-beam lithography. When the microresonator is irradiated with a THz pulse, an
oscillating current is induced that generates a strong multicycle THz magnetic near field
perpendicular to the sample surface. The coherent spin dynamics initiated by the THz magnetic
near field are detected by measuring the change in the ellipticity angle (Arn) of an 800-nm probe
pulse due to the magneto-optic effect.

Firstly, in the case of HoFeOs, we chose a crystal orientation where the net magnetization is
parallel to the magnetic near field to ensure that only the g-AFM mode is excited. The time-
resolved magneto-optic signal An showed an oscillation at about 0.58 THz, the frequency of the
g-AFM mode. The following nonlinear phenomena were observed: (a) The upper and lower
envelopes of the oscillation of An become more asymmetric as the field strength is increased,;
apart from the fundamental peak at about 0.58 THz, the corresponding spectrum contains the
second- and third-order harmonics, and their integrated peak areas obey a power law. (b) The g-
AFM-mode frequency exhibits a redshift as the field strength is increased. We investigated the
origins of these nonlinear phenomena by solving the Landau-L.ifshitz—Gilbert (LLG) equation for



a two-sublattice model. We found that, under strong excitation conditions, the g-AFM mode
cannot be approximated as a harmonic oscillator. The observation of the third-order harmonic
clearly verifies the anharmonicity of the potential. Due to the sinusoidal potential, the frequency
of the g-AFM mode exhibits a redshift as the field strength is increased. From the value of the
redshift observed in the experiment, we estimated a maximum spin deflection angle of about 34
degrees away from the equilibrium orientation. The asymmetric envelopes and the second-order
harmonic are attributed to the nonlinearities of the magneto-optic effect related to the g-AFM
mode and can be reproduced well by the numerical solution of the LLG equation and the wave
equation for the probe pulse propagating through the sample. These results reveal the
nonlinearities of g-AFM modes in antiferromagnets.

Secondly, in the case of Smo7Er3Fe0s, the magnetic near field (with a spectral peak at about
0.46 THz) forms an angle with the net magnetization that lies between 0 and 90 degrees,
depending on the sample temperature. Above 310 K, the time-resolved magneto-optic signal An
showed a superposition of the g-FM (<0.05 THz) and the g-AFM (~0.5 THz) modes. We found
the following behaviors: (a) As the field strength is increased beyond a critical value, a long-lived
offset emerges after the first half cycle of the g-FM mode, and the amplitude of this offset exhibits
a steep dependence on the field strength. (b) The offset changes drastically with the temperature,
which controls the magnetic potential of the g-FM mode (we can control the barrier height
between the two potential minima in Smo7Ero3FeQs); the offset only appears when the potential
barrier is small enough. These two features of the offset reveal that spin switching occurs in this
system after sufficiently strong excitation, that is, the magnetic order parameter overcomes the
barrier and reaches the second potential minimum. We derived and solved the sine-Gordon
equation based on the LLG equation to reproduce the q-FM-mode dynamics including the spin-
switching phenomenon. This sine-Gordon equation includes the effect of the Zeeman torque
directly exerted by the magnetic near field and that of coupling between the g-AFM and g-FM
modes. To explain why the offset emerges after the first half g-FM-mode cycle, we analytically
solved the sine-Gordon equation by replacing the expression for the potential modified by the
fast-oscillating magnetic field with a “time-averaged” effective potential that varies with the
envelope of the field. We found that the effective potential initially drives the magnetic order
parameter away from the barrier, and when the potential modification vanishes, the magnetic
order parameter starts to approach the barrier and overcomes it due to the inertia effect. These
results clarify the nonlinearities of the g-FM mode in this antiferromagnet.

Finally, in this thesis, we summarize the nonlinear coherent dynamics of the g-AFM and g-
FM modes in HoFeOs and Smg 7ErosFeQs, respectively. The observed frequency redshift and the
third-order harmonic of the g-AFM mode reflect the anharmonic potential energy for the g-AFM
mode. Regarding the g-FM mode, we observed an extremely nonlinear phenomenon, spin
switching. The excitation process responsible for spin switching is an intriguing nonlinear process
where a multicycle THz magnetic field modifies the potential for the g-FM mode. Similar
processes can also occur in electron systems, and this type of control through multicycle fields is
also known as Floquet engineering. Our investigations show that THz magnetic near fields are
potentially useful for the investigation of coherent spin nonlinearities and novel methods for
ultrafast manipulation of spin states.



Outline

Chapter 1 INtroduCtion.............cccoooiiiiiiei e e 1
1.1 General theory of SPIN AYNAMICS .......ccoiviiiieiiecer e 1
1.2 Ultrafast control of antiferromagnetic spin dynamics using optical pulses.............c.cc.c...... 6

1.2.1 HEALING EFFECT.....ciieieceeeee e 6
1.2.2 Inverse Faraday effECt....... ... 7
1.2.3 Coupling to eleCtron OF IAtHICE..........cccveiecieie et 8
1.3 Ultrafast control using the magnetic fields of THz pulses.........cccocvevvicvicenivcneiene e 11
1.4 Ultrafast control using the electric fields of THz pulSes...........ccccoooviiiiniiiniiinccee, 12
1.5 Purpose of this thesis and OULIING ... 13

Chapter 2 SAMPIE.........cooooiii e 16
2.1 Crystal structure and optical PrOPEItIES .........ccviieiiiiiiiiee s 16
2.2 Static MAGNELIC PrOPEITIES......viiviiieeiesie ettt re st sre e be e e sresbe e e e sresreenre s 18

2.2.1 SPIN CONTIGUIALION. ...ttt eee s 18
2.2.2 Spin reorientation tranSItION. .........cccooveiiiiiirie e 20
2.3 Spin dynamics in canted antiferromagnets ........coccvveieiicic s 23
2.3.1 Derivation of eigenmodes of SPIN dYNAMICS..........cccereriiiiiininise e 23
2.3.2 Trajectories Of SPIN AYNAMICS .......cceieiiiiiririsie e 26
2.3.3 Motion equation With reSPECL 10 L.....coveiuiiiiiicieece et 29
2.4 MagNEtO-OPLIC BFFECT. ... .cui i 31

Chapter 3 EXperiment SEtUP ............ccoociiiiiiriiiiiiiiiiee e 35

3.1 THz generation and detECLION ........c..oiviiieee ettt 35
3.1.1 THz generation using optical nonlinear crystal ............cccoovviiiiiiininieee 36
3.1.2 THz detection using electro-optic SAMPIiNG ........cccovviiiiiiici e 39

3.2 THZ FESONGALON ...ttt r e r e r e sre e nenreeneenne e 44
3.2.1 SPHTL-TING FESONALON ...ttt sttt bbbttt bbb ene b 44
3.2.2 Vacuum Rabi splitting realized with split-ring resonator .............cc.ccoeevereivininiininns 45
3.2.3 Excitation of spin dynamics with split-ring resonator ..............cccooevevevenienieneneeneee. 47
3.2.4 Spiral-shaped antenna reSONALON ............ooeeeieiririre e 48

3.3 Detection of SPin AYNAMICS........ccviiiieciee st re e 51



3.3 L EXPEIIMENT SEIUD .ttt sttt b e eneene s 51

3.3.2 Detection of the ellipticity angle of probe pulSes ... 53
Chapter 4 Second- and third-order harmonic generations of spin dynamics .................... 56
4.1 BACKGIOUNG ...ttt ettt b et b e n e 56
4.2 Sample fabrication and experimental SETUP ..o 57
4.3 EXPErimental FESUIL........cviiieiiee ettt sttt 61
4.4 0rIgin OF FRASNITE ..o s 64
4.4.1 Quantitative evaluation of redshift............ccccovveriiiiiii i 64
4.4.2 Explanation of redshift based on LLG equations............cccccevveveieieevienesieese e 65
4.5 Origin of the third-order RArMONIC ..........coiiiiii e 69
4.6 Origin of the DC component and second-order harmoniC..........cccveveveviveieniesieeneseeree e 70
4.7 NUMErical CAICUIALIONS .......c.oouiiiiiiciiice s 72
4.7.1 Calculation PrOCEAUNE ........coeiiiiiieierieie et ene s 72
4.7.2 CalCUIALION TESUILS.....c.eiiiieiieiieiis e 76
4.7.3 Estimation of the magnetization change ..., 77
4.8 Effect of THZ €lectric field ... 78
4.9 SUMIMEIY ...ttt ettt bbbt bt b e bt s bt e s s e bt e bt e e e e b e e b e nb e e b e e bt s bt e nnenbesneenns 80
Chapter S Spin switching driven by THz- field-modified potential energy......................... 82
5.1 BACKGIOUNG.......cueeiiiiiitiitiite ettt b ettt 82
5.2 Sample and eXPEriMENT SELUP .......cviiiiriierieieieeeeee e 84
5.2.1 Sample fabrication and ProPerties ........cccceiieeiiiiiiee i 84
5.2.2 EXPEIIMENT SEIUD .vevviviieieieeiieesie sttt bttt sttt ene s 87
5.3 EXPEIMENTAI FESUIT......viiiiieeieieee e 89
5.3.1 Excitation by relatively weak THz magnetic pulse ..........cccooviiiiiiiiiniiec e, 89
5.3.2 Spin switching driven by strong THz magnetic PulSe ..........cccovvvivineieneneieeins 92
5.4 Theory based 0N LLG EQUALIONS..........cciiiiriiriiieieiecse e 96
5.4.1 Derivation of the Sine-Gordon eqUALION ..........ccccoiiiriiieeie e 96
5.4.2 Numerical calculation of sine-Gordon equUatioN .............cccereerinireneneseeeee 100
5.4.3 The sine-Gordon equation with effective potential............cccocooiiiniiinincic, 102
5.4.4 Physical mechanism of spin-switching excitation ..............ccoceevvninienieniene e 106



5.4.5 Comparison between sine-Gordon equations without/with effective-potential

FT o] o] () T4 To] [OOSR 107

5.5 Relation to Floguet eNgINEEIING........civiiiiiiiece e 110
5.6 DISCUSSION ...tttk b bbb et e bt bbbt nen e e ere s 110
5.6.1 Response as the function of the pump-pump delay ........cccccvvveveiiiieiiiiecc e 110
5.6.2 Reversal of bias magnetic field...........ccooeiiiie i 112
5.6.3 Influence of THz electric field............ccoooeiiiiiiiiie e 113
5.6.4 Dynamics of M and L along three aXeS .........ccevvieeieieeiieie et sre e 114
5.6.5 Back switching driven by stronger THz magnetic field ...........cccooeviviiiiiiiieiienn 116
5.6.6 Influence of the frequency of THz magnetic field ... 117

D7 SUMIMAIY .ttt et st e s bt e e Rt et et e e e s sae e anbe e e snbeeenbeeesbaeesnbeeenrreennnes 118
Chapter 6 CONCIUSION ...........coociiiiiii e 120
L N 1 £ ) 1 15 124
Al. Details of the simulation model including fluctuations ............ccccccocviiieiiiicciececee 124
A2. Model of Kapitza pendulum ...........cccooviiiiiiiicee e s 128
Reference ...... ..o 132
ACKNOWIEAGEMENL ............ooiiiiiiiii e 139



1.1 General theory of spin dynamics

Chapter 1 Introduction

With advancements in laser technology, it is now possible to generate laser
pulses with broadband wavelengths and various durations. The laser pulses can
interact with different degrees of freedom within materials, including electrons,
lattice structures, and spins. Strong excitation and nonlinear control of these
elements open a new path for the ultrafast manipulations of the macroscopic
properties of materials-3, which has been demonstrated in various electron and
lattice systems, such as light-induced superconductivity*®, ferroelectricity®’,
and edge states®®. Because the spin orders in the magnets exhibit nonvolatility
and low dissipation, they are now widely used in the storage devices, and are
expected as the potential information carrier in the next-generation devices!®-
12 Therefore, the nonlinear control of spin orders is receiving more and more
attention but have largely remained unexplored®™6. In this thesis, we
investigate the ultrafast nonlinear control of spin orders in the antiferromagnets.
The chapter 1 provides a general introduction of the spin dynamics in
ferromagnets and antiferromagnets, and then reviews the previous studies on
the ultrafast control of their magnetic properties using laser pulses at various
wavelengths.

1.1 General theory of spin dynamics

Antiferromagnet is a magnetic material where spins are aligned antiparallel
leading to a zero net magnetization. The antiferromagnetic ordering was first
found by Louis Néel*” (pioneering work on this topic was honored with the
Nobel Prize for Physics in 1970). The arrangement of these spins can be
described by the spin sublattices. In each sublattice, all spins have the same
direction. The spins between different sublattices are coupled with each other
via the exchange interaction. In the simplest case, when the exchange
interaction is negative, spins in different sublattices are aligned parallel to make
the energy term minimum as shown in Fig. 1-1a, which leads to the
ferromagnetic order. When the exchange interaction is positive, spins in
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Figure 1-1. The schematic diagram illustrating the arrangement of spins in a
ferromagnet (a) and an antiferromagnet (b).

different sublattices are aligned antiparallel leading to the antiferromagnetic
order as shown in Fig. 1-1b.

One advantage of antiferromagnets is that the spin dynamics are at terahertz
(THz) frequencies which is much faster than the spin dynamics in ferromagnet
that is limited to gigahertz (GHz) frequencies. The spin dynamics in
ferromagnets are determined by the external magnetic field with few-Tesla
order, but in antiferromagnets, the frequencies of spin dynamics depend on the
exchange interaction, which is about hundreds of Tesla. Because of the spin
dynamics in the picosecond time scale, antiferromagnets are expected to be
applicated in spintronics and magnonics for ultrafast performance. Also, since
antiferromagnets do not generate stray magnetic field, they can operate without
cross-talk even when packed tightly, which is essential for the miniaturization
of spintronics. In the following, we will discuss the frequency of spin dynamics
more detail.

Firstly, we present the spin dynamics in ferromagnet. All spins are oriented
at the same direction; thus, the collective spin dynamics can be described by
the motion of a single macroscopic magnetic moment M. The equation of
motion was identified by Landau and Lifschitz in 19358, and then a damping
term was introduced by Gilbert in 1955. The complete equation is called
Landau-Lifschitz-Gilbert (LLG) equation and is given by,
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dm dm
2 - ymX Bogs + appgm X P (1-1)

where y is the gyromagnetic ratio which approximately equals to 1.76 x 10!
rad/(S'T1), and ay is the Gilbert damping parameter (with positive value).
The normalized magnetic moment is defined by m = M /M,,, where My is the
equilibrium value of M. The equation describes a precession of m along a
spiral path to the direction parallel with B¢. B IS given by the gradient with
respect to m of the free energy F, Bos = —VF/M,. When there is no
anisotropic interaction, the free energy F is given by, F = —M,B - m, where
B is the external magnetic field. The frequency of ferromagnetic resonance can
be given by,

B
VEMR = ]2/— (1-2)

A
Because B normally is at few-Tesla orders, the ferromagnetic resonance is at
GHz frequencies.

Secondly, because there are two different sublattices of spins in
antiferromagnets, the collective spin dynamics can be described by the motions
of two macroscopic magnetic moments, M, and M,. The equations of motion
are given by a set of LLG equations,

am;

dm;
o = TVM; X Begey +apem; X —, (1-3)

dat

where i = 1 or 2 is the index of sublattices and m; is the normalized sublattice
magnetizations m; = M; /M, (M is the equilibrium value of M; and M,). The
effective magnetic field B¢ ; is given by the gradient with respect to m; of the
freeenergy F, Begs; = —V; F/M,. Inthe material with uniaxial anisotropy, the
free energy F includes the exchange interaction Hg and one anisotropy
interaction A,



1.1 General theory of spin dynamics

F = HgeMym, - m, — A, Mo(mi, + m5.) — MyB - (m; + m,),
(1-4)

The frequency of antiferromagnetic resonance without external magnetic field
can be obtained?®,

VAFMR = %\/4HEACC + 4A%, (1-5)

Because Hg usually has hundreds of Tesla and A.. has few of Tesla, the
antiferromagnetic resonance is at the THz frequencies. The spin precession at
frequency v rmr have two opposite directions (left-hand precession and right-
hand precession), and thus are degenerate. The degeneracy can be lifted by an
external magnetic field or an additional anisotropy interaction.

The materials used in our experiments are rare-earth orthoferrites which are
typical canted antiferromagnets. There are two uniaxial anisotropy interactions
(@ axis and c¢ axis) and a Dzyaloshinskii-Moriya interaction. The
Dzyaloshinskii-Moriya interaction prefers spins to align in a—c plane, and
slightly cants the antiparallel spins thus leading to a small net magnetization as
shown in Fig. 1-2. Due to these anisotropy interactions, the material has two
nondegenerate eigenmodes of spin dynamics: quasi-antiferromagnetic (g-AFM)
mode and quasi-ferromagnetic (q-FM) mode. Besides, the anisotropy
interaction along a axis is a function of temperature and leads to a phase

v k¥R
111!
R ¥k D

Figure 1-2. The schematic diagram illustrating the arrangement of spins in a
canted antiferromagnet.
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transition called spin reorientation transition (SRT) in a specific temperature
range, where, as temperature increases, the easy axis of spins rotates
continuously from c axis to a axis.

For the ultrafast manipulation of spin orders, ultrashort laser pulses are
employed to drive them into nonequilibrium states, as shown in Fig. 1-3. The
mechanisms rely on both direct and indirect interactions. The direct interaction
occurs between the spins and the magnetic components of the laser pulses via
Zeeman torque. Indirect interaction involves the spins and the electric
components of the laser pulses, mediated by spin-orbit or exchange interactions.
Various excitations of electrons and lattices can modify the orbital states,
hopping rates, or wave-function overlaps, which leads to the modifications of
the spin-orbit or exchange interactions. we will review these studies on ultrafast
control of spins in the canted antiferromagnets in the following sections.

L Electron t ‘va\/u\‘”ﬁ-fu1
A
© © ; : ;
e, 8 P ) Modify Exchange interaction
Lattice * /}
B LN . pS ;
Spin-orbit interaction
; ; Trigger

Spin precession

Figure 1-3. The schematic diagram illustrating the control methods of spin
orders. The magnetic components of laser pulses excite the spin dynamics
directly, and the electric components excite the spin dynamics via the
interactions with electron and lattice.
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1.2 Ultrafast control of antiferromagnetic spin
dynamics using optical pulses

1.2.1 Heating effect

In the pioneering work, the ultrafast control of spin orders is realized by
impinging heat into Ni film with laser pulses® where the temperature
increasing homogenizes the majority and minority spins leading to a
demagnetization. Then the group Kimel et al. utilized the same method in a
canted antiferromagnet?!, TmFeOs, which is one of the rare-earth orthoferrites.
In the material TmFeOs, the anisotropy interaction that plays a determinative
role in the direction of spins varies with temperature. In that experiment, the
near-infrared (NIR) laser pulse excited the electron states of rare-earth and iron
ions and thermalize the lattice through electron-phonon scattering in 0.3 ps.
This leads to the changes of the anisotropy interaction and thus the potential
energy. During the process where spins relax to the new minimum of the
thermalized potential energy (the process is called spin reorientation), the spin

Spin reorientation  Spin oscillation

Photo-induced birefringence

5 7 810 20 30 40 S50 60 7O
Time delay (ps)

Figure 1-4. Heat-induced spin dynamics in rare-earth orthoferrite TmFeOs. The
temperature increase modifies the potential energy, thus creating a new potential
minimum. The relaxation to the new minimum leads to the spin reorientation.
and the subsequent spin oscillation. Figure reprinted with permission from the
reference 2!, © 2004 Springer Nature.
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oscillations are excited, and observed in the picosecond time scales as shown
in Fig. 1-4.

1.2.2 Inverse Faraday effect

The thermal method to excite the spin dynamics has been demonstrated.
However, because the cooling of temperature to equilibrium is very slow, it
hinders the application at a high repetition rate. The group Kimel et al. thus
developed a nonthermal method based on the inverse Faraday effect (IFE). The
irradiation of circularly polarized light can induce a static magnetization along
the propagation direction via the spin-orbit interaction, which is similar with an
external magnetic field. This is a Raman-like optical scattering not involved in
the optical absorption, and thus is non-thermal. The method is first
demonstrated in the work?? with DyFeO3 where the circularly polarized NIR
pulses induces ultrafast spin deflections, as shown in Fig. 1-5a. During the
process of spins relaxing to the equilibrium, spin oscillation is excited. Because
the NIR pulses with opposite helicities deflect spins towards opposite directions,
the oscillations exhibit opposite phases.

In the follow-up study, it is demonstrated that a spin switching can be

a b

003

Faraday rotation (degrees)

Faraday rotation (°)

-0.03 ¢

(l) Ol2 OA,A- 0‘6 018 1,‘0 1.2 14
Time delay (ns)

Figure 1-5. a, Spin dynamics excited by IFE in rare-earth orthoferrite DyFeOs. Figure

reprinted with permission from the reference??, © 2005 Springer Nature. b, The schematic of

spin switching driven by an ultrashort laser pulse via IFE. ¢, Experimental results of spin

switching realized in rare-earth orthoferrite HoFeOgs. Figure reprinted with permission from

the reference 23, © 2009 Springer Nature.

Time delay (ps)
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induced? in HoFeOs crystal. As the temperature is set in the temperature range
of SRT, the potential energy exhibits tunable double minima. The circularly
polarized laser pulses impact the impulsive force onto the spins and thus trigger
the spin switching between the double minima as shown in Figs. 1-5b and c.
The offsets before 0.1 ns which depend on the helicity are the evidence of the
spin switching. After 0.1 ns, the influence of heating effect emerges and erases
the offset induced by spin switching. The heating effect lasting tens of
nanoseconds is induced by the thermalization between the lattice and the
excited electrons. Although IFE does not require the real excitation of electrons,
it cannot be avoided due to the finite absorption of photons at NIR wavelengths
which results in heating effects.

1.2.3 Coupling to electron or lattice

After the work?? by Kimel et al. in 2005, numerous studies on the nonthermal
excitation of spin dynamics have emerged®2’. In these studies, the electrons
or lattices are strongly excited by laser pulses. As a result, the couplings
between spins and electrons or lattices phenomenally generate transient torques
and thus trigger the spin dynamics. In the following, the couplings are discussed
in detail.

Firstly, a type of the coupling between electrons and spins is introduced?*. In
the rare-earth orthoferrites, the superexchange interactions between iron ions
are mediated by the oxygen ions and happen due to the virtual hopping of
electrons between the iron and oxygen ions. Hence, they anticipated that the
optical excitation of the electron distributions can transiently modify the
superexchange interaction and thus generate the torque to trigger spin dynamics.
Mikhaylovskiy et al. performed the experiment to demonstrate the prediction
by exciting the charge-transfer transition in TmFeOs; with NIR pulses and
monitering the THz emission generated by the spin dynamics?* as shown in Fig.
1-6. Furthermore, there is another coupling between spins and electrons
accessible for excitation of spin dynamics in the rare-earth orthoferrites (for

8
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Figure 1-6. a, Schematic of experiment where spin dynamics are excited by NIR pulses
and are detected by monitoring THz emission. b, The optical transition (thick red arrow)
from the ground state to the excited state. In the ground state, the exchange interactions J(®
and D© between iron ions are mediated by the hopping t (dashed blue double arrows) of
electrons (blue balls with arrows indicating spins) between iron and oxygen ions. c,
Experimental results of spin dynamics in rare-earth orthoferrite TmFeOs. Figure reprinted
with permission from the reference 24, © 2015 Springer Nature under the terms of the
Creative Commons CC BY license.

example, Smo7Erq3Fe0s, %): the excitation of the 4f electrons of rare-earth ions
can modify the anisotropy interactions between the rare-earth ions and the iron
ions?°,

Secondly, the coupling between spins and lattices is introduced. The overlaps
of electronic wave functions between rare-earth and iron ions determine the
anisotropy interactions. The excitation of phonon modes can modify the
distances between rare-earth and iron ions, thus modulating the overlaps of
wave functions and the anisotropy interactions, as shown in Fig. 1-7a.
Afanasiev et al. investigated the control of spin orders?” by exciting the phonon
modes using mid-infrared (MIR) pulses in a rare-earth orthoferrite DyFeOs.
They found that when the intensity of laser pulses exceeds the threshold, spin
switching can be triggered, which can be confirmed by the amplitude of signal
AM shown in Figs. 1-7b and c. The increase of AM becomes steeper when the
pump intensity increases beyond the threshold. However, similarly as the
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Figure 1-7. a, Lattice distortion induced by phonon excitation in rare-earth orthoferrite,
DyFeOs. The colorful lines refer to the anisotropy interactions between iron and rare-
earth ions. b, The spin switching driven by an ultrashort MIR pulse where the deviation
of macroscopic spin order from equilibrium is defined by AM. c, Dependence of AM
on pump intensity. The threshold of spin switching is indicated. Figure reprinted with
permission from the reference 2, © 2021 Springer Nature.

excitation via IFE, the heating effect emerges and erases the result of spin
switching after 100 ps (the potential energy is changed by the increase of
temperature, and thus the potential minima become different from the
equilibrium state).

In this section, we introduced various nonthermal methods for ultrafast
manipulation of spin orders using optical pulses in the range from NIR to MIR
frequencies. However, these methods use light with high photon energy and
thus it is unavoidable to excite electrons or phonons even without intention.
Due to the thermalization between electron and lattice, the temperature
increases, leading to the undesired modification of potential energy. Because
the cooling of temperature to equilibrium is very slow, it limits the high-speed
application. There is a demand to excite the spin dynamics with much less
heating effect.

10
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1.3 Ultrafast control using the magnetic fields of THz
pulses

As the development of THz technology, the electric components of THz
pulses were used to excite the elementary excitation in solids, such as phonon,
cyclotron, exciton and cooper pair. Because the resonances of spin dynamics in
antiferromagnets lie in the THz range, THz pulses were considered to be
potential for the ultrafast manipulation of antiferromagnetic spin orders. It was
first demonstrated by Yamaguchi et al.?® They exploited the impulsive Zeeman
torque applied by the magnetic component of THz pulse to resonantly drive the
spin dynamics as shown in Fig. 1-8, where two eigenmodes of spin dynamics
can be observed in the sample of YFeOs. The double pulses here were used to
selectively induce the destructive interference of one mode. In the almost
transparent materials at THz frequencies, THz pulses cannot be absorbed and
thus can purely excite spins without excitations of other degrees of freedom.
However, the THz magnetic field in free space is too weak (up to ~ 0.1 T even
with the regenerative amplified laser pulses?®-3!) to excite spin dynamics into a
nonlinear regime.
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Figure 1-8. a, Zeeman torque applied by the magnetic component of the THz pulse is shown
by the solid black arrow. Sublattice magnetization m; in antiferromagnet is perturbed out of
the equilibriums (dashed black arrow) and starts to precess (thin red arrow). b, The temporal
development of spin dynamics driven by THz pulses in rare-earth orthoferrite YFeOs is
shown. ¢, Corresponding spectra of the data in b. Figure reprinted with permission from the
reference 28, © 2010 American Physical Society.
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1.4 Ultrafast control using the electric fields of THz pulses

1.4 Ultrafast control using the electric fields of THz
pulses

Baierl et al. turned to exploit the THz electric pulse to drive spin dynamics®
in rare-earth orthoferrite TmFeOs. In TmFeOs, the anisotropy interaction is
determined by the electron distribution within the crystal-field-split ground
states of rare-earth ions, because the different orbital angular moment of each
split state is coupled to the spins of iron ions by exchange and dipole
interactions. The thermal population of these states leads to the temperature
dependence of anisotropy interaction and induces the spin reorientation
transition. The energy separations between these split states in TmFeO; are
around 1 THz, and thus the resonant excitation of the optical transition within
the split ground states using THz pulses is one of the most efficient methods to
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Figure 1-9. a, The crystal field splits the ground state of Tm3* into several energy levels.
The green shadow around Tm3* refers to the orbital wave function. The blue arrows are
spins of iron ions. b, The photon frequencies required for the resonant excitation of the
optical transition within these states are indicated by the black arrows. Figure reprinted
with permission from the reference®?, © 2016 Springer Nature. ¢, The microscopic antenna
is used to enhance the THz electric field. The blue line is the probe beam for the detection
of spin dynamics. d, The offset is indicated by A, ty,- €, The field-strength dependence of
Ao tuz- T, The trajectories of spin dynamics. The red curve is the trajectory of spin
switching. Figure reprinted with permission from the reference®, © 2019 Springer Nature.
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modify the anisotropy interaction (Figs. 1-9a and b). The transient modification
triggers the spin dynamics. When the THz electric field is strong enough, which
Is realized by the local enhancement with a metallic antenna structure on the
micrometer scale (Fig. 1-9c¢), the THz electric field can induce spin switching®3.
As shown in Fig. 1-9d, the signal presents a long-lived offset A, ty,. The offset
in the weak-excitation regime (Ety, < 0.75 MV cm as shown in Fig. 1-9e) is
because that the excited electron distribution persists for a long time leading to
a displacive change of potential energy. When the THz electric field becomes
strong enough, the increase of the offset becomes steeper indicating an
occurrence of spin switching. The trajectory of spin switching is shown in Fig.
1-9f. As shown by the inset, the THz electric field generate an impulsive change
to the potential energy. The impulsive change functions as a torque to drive
spins move towards the barrier between the double minima. If the impulsive
change is strong enough, spins can overcome the barrier and relax to another
potential minimum.

However, this method is limited by two points: Firstly, the material should
have the electronic orbital transitions at THz frequencies. In rare-earth
orthoferrites, the sort of rare earth determines the frequency. Secondly, the
temperature should be low enough to suppress the thermal population of the
crystal-field-split ground states, because the thermal population hinders the
THz excitation. Therefore, for ultrafast manipulation of spin orders in various
materials and temperature ranges, the strong excitation using THz magnetic
fields is essential but has not been explored.

1.5 Purpose of this thesis and outline

The use of Zeeman torque applied by THz magnetic fields can be regarded
as the most general method to coherently excite antiferromagnetic spins in
various materials and temperature ranges. However, due to the relatively weak
magnetic field of THz pulses propagating in free space, many experiments on
nonlinear coherent spin dynamics in antiferromagnets can only investigate a
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1.5 Purpose of this thesis and outline

restricted range of phenomena.

In this thesis, we designed a spiral-shaped microresonator and fabricated it
on the sample surface by electron-beam lithography. When the microresonator
Is irradiated with a THz pulse, an oscillating current is induced that generates a
Tesla-class multicycle THz magnetic near field perpendicular to the sample
surface. We use the strong THz magnetic near field to study the nonlinear spin
dynamics in the canted antiferromagnets near room temperature.

The spin dynamics of canted antiferromagnet have two eigenmodes called g-
AFM and g-FM modes. Each mode can be described by a motion equation with
a magnetic potential energy. Firstly, we studied the nonlinearities behavior of
spin dynamics in the potential energy of g-AFM mode: the frequency redshift,
the second- and third-order harmonic generation and the asymmetric oscillation
waveform of q-AFM mode are observed for the sample of HoFeO;. We
revealed that the anharmonicity of potential energy plays a crucial role in these
nonlinear phenomena. Secondly, we studied the spin switching in the potential
energy of g-FM mode for the sample of Smq;Er,3FeOs, where the magnetic
order parameter moves from one potential minimum into another. We observed
that the g-FM mode is non-resonantly excited, and under the strong excitation,
spin switching happens after the first half cycle of the g-FM mode. This
phenomenon is attributed to the dynamically construction of an effective g-FM-
mode potential energy by the strong and multicycle magnetic pulse.

The chapters in this thesis are organized as follows:

Chapter 2 introduces the properties of rare-earth orthoferrites (HoFeO; and
Smy7Ero3Fe0s). The basic equations and the eigenmodes of spin dynamics in
the materials are described in detail.

Chapter 3 introduces the experiment setup for the generation of THz pulses
and the detection of spin dynamics. The properties of THz resonators for the
generation of strong near fields are discussed.

Chapter 4 presents the first topic of nonlinear spin dynamics in HoFeOs;
crystal. The observed nonlinearities of g-AFM mode are discussed based on the
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1.5 Purpose of this thesis and outline

theoretical analysis using the motion equation of g-AFM mode with an
anharmonic potential energy.

Chapter 5 exhibits the second topic of spin switching in Smg;Ery3FeOs;
crystal. The observed spin switching is discussed based on the theoretical
analysis using the motion equation of g-FM mode. In the analysis, the time-
period potential energy during the strong and multicycle magnetic field is
replaced with a “time-averaged” effective potential that varies with the
envelope of the field.

Chapter 6 summarizes the conclusions of the thesis.
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Chapter 2 Sample

In this chapter, the fundamental physical properties of our antiferromagnetic
samples, HoFeO3; and Smg;Ery3FeOs, are introduced. Both samples are the
rare-earth orthoferrites which belong to a type of charge-transfer
oxide insulator. They are almost transparent at about 800 nm. The spins of iron
ions contribute to the antiferromagnetism, where the neighboring spins are
aligned antiparallel due to the superexchange interaction and are slightly canted
by the Dzyaloshinskii-Moriya interaction. The competition between anisotropy
energies along different axes leads to the spin-reorientation phase transition.
The spin precessions in the canted antiferromagnets have two eigenmodes, the
g-FM and g-AFM modes, whose frequencies are located in the low terahertz
range (below 0.6 THz). The spin dynamics are detected by 800-nm probe pulses
based on the Magneto-optic effect. The nonlinearities of the two eigenmodes
are studied in this dissertation.

2.1 Crystal structure and optical properties

In this section, the crystal structure and optical properties of our samples are
introduced. In our experiments, we used two rare-earth orthoferrites RFeOs (R
= Ho and SmgEry3). The material RFeO3; has the orthorhombic distorted
perovskite structure belong to the space group Pbnm. As shown in Fig. 2-1, one
Fe3* ion is surrounded by six O? ions forming an octahedral FeOg cluster,
which constitutes a framework of the perovskite structure. The rare-earth ions
R3* exist at the center of a unit cell which consists of four FeOs clusters. The
octahedral is distorted due to the presence of a R ion®*. The degree of
distortion from cube perovskite increases with the atomic number of the rare-
earth ion.

Because the electron transition of the common FeOg clusters plays an
important role in the optical absorption, materials RFeO3 with different R have
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2.1 Crystal structure and optical properties

very similar optical spectra in the range from visible to near infrared regions®.
The optical absorptions are mainly contributed by the local electron transitions
which are correlated to the local 3d orbital of Fe**. Therefore, the optical

properties can be discussed qualitatively based on the electron state of one FeOg
cluster.

The optical spectra of rare-earth orthoferrites, with R = Sm, Ho and Er, are
shown in Fig. 2-2. (The spectra for other kinds of R can be found in ref®.) Apart
from fine structures which are attributed to the rare-earth 4f->4f transitions®,

Figure 2-1. Crystal structure of the rare-earth orthoferrite RFeOz which is drawn using
VESTA, © 2006-2024, Koichi Momma and Fujio Izumi. The license can be found at
<https://jp-minerals.org/vesta/en/download.html>, accessed 20 June 2024.
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Figure 2-2. Absorption spectra of the rare-earth orthoferrites RFeOs at room temperature

reported by the previous study. Figure reprinted with permission from the reference®®, ©
1970 AIP Publishing.

17
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there are mainly three absorption peaks for most RFeOs. The peaks at 0.7 um
and 1 pm are due to the crystal-field d-d transitions of Fe3*, A;>4T, and
®A1>*Ty, respectively. Besides, a strong absorption peak > 0.5 um can be
observed. It is attributed to the charge-transfer transition®” where the charges
transfer from the 2p orbitals of 0%~ to the 3d orbitals of Fe3*. The dips at 0.8
um between two d-d transitions allow us to perform the magneto-optic
measurements in a transmission configuration in thin samples of RFeO; (for R
= Sm, Ho, Er).

2.2 Static magnetic properties

In this section, the magnetic properties of our samples at equilibrium are
introduced based on the two-sublattice model. The free energy is used to
describe the spin configuration and the spin reorientation transition.

2.2.1 Spin configuration

In RFeO; (R = Ho and SmgEro3) crystals, R* and Fe®** are the magnetic
ions. Near room temperature, the spins of R are disordered and thus are
paramagnetic. The magnetizations of the crystals are determined by the spins
of 3d° electrons of iron ions.

The spins are aligned antiparallel due to the nearest-neighbor superexchange
interaction between spins of iron ions mediated by an oxygen ion. The model
of two sublattice were used to describe the macroscopic magnetic properties.
In each sublattice, spins are aligned in the same direction. The spins in different
sublattices are aligned antiparallel. The normalized free energy of RFeO; (R =
Ho or Smo7Ero3) is given by3#4,
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2.2 Static magnetic properties

Figure 2-3. The configuration of three-ion Fe3*—0% —Fe3* cluster.

V= _B'(m1+m2)+HEm1'm2 +HD'(m1 sz)
_Aaa(m%a + m%a) - Acc(m%c + m%c)

+A4(m1}a + mlllb + milc + mga + mgb + mgc)’ (2-1)

where m; (i = 1,2) are the normalized sublattice magnetizations and {a, b, c}
refers to the crystallographic frame.

The first term is the Zeeman energy induced by external magnetic field B,
and is set to O in this section. The second term here is the superexchange
interaction and Hg is a positive constant. To lower the free energy, m, and m,
should be aligned antiparallel, leading to the antiferromagnetism. Therefore,
Hg is also called antiferromagnetic exchange interaction. Because the term
does not change when m, and m,, are exchanged, it is a symmetric interaction.

The third term is the Dzyaloshinskii-Moriya interaction (DM1)*243, which
appears by including the spin-orbital interaction in the calculation of the
superexchange interaction. Because the sign is reversed when m, and m, are
exchanged, it is an asymmetric interaction. The parameter Hp, is given* by
Hp o< r;; X x, where r;; and x are defined in the Fig. 2-3. This expression
indicates that if the iron ions and oxygen ions were in line, DMI would vanish.
In RFeO3, the distortion of the orthorhombic perovskite structure induced by
the rare-earth ions leads to the nonzero DMI. For orthoferrites in this literature,
Hyp, is along b axis and thus,
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2.2 Static magnetic properties

Hp - (my X m,) = Hy(my my, — mygmy.). (2-2)

Due to the nonzero DMI, the antiparallel spins are canted leading to weak
ferromagnetism as shown in Fig. 2-3. The equilibrium position of m, and m,
are determined by finding the minimum of free energy, 92V /dm? = 0. Under
zero external magnetic field, the cant angle is given by,tan2p, = Hp/(Hg +
A, — Aq:), Where B, is about 0.6° near room temperature. Because Hg and
Hp are temperature independent, the cant angle of sublattice spins almost do
not vary with temperature. Due to the finite cant angle, the material is called
canted antiferromagnet. The values of these parameters are obtained from
various experiments*®*® and are estimated to be Hg~640 T, Hp /Hg~0(1072),
Aga cc/Hg~0(107%) and A,/Hg~0(107°).

2.2.2 Spin reorientation transition

In Eq. (2-1), A, and A, are the anisotropy interactions which orient m,
and m,, to lie preferentially in a—c plane as shown in Fig. 2-4. The competition
between A,, and A_. determines the easy axis of spins, thus leading to SRT.
A, is the fourth-order anisotropy interaction and far smaller than A,, and A..
Among these parameters, A,, and A, are temperature independent, but A,
depends on temperature.

Figure 2-4. The configuration of sublattice magnetizations m,, m,, ferromagnetic
vector M and antiferromagnetic vector L in the crystallographic frame {a, b, c}.
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2.2 Static magnetic properties

SRT is described in the following. At low temperature, A.. > Ay, (> 0),
m, and m, are aligned antiparallel (little canted) in ¢ axis. The configuration
where the antiferromagnetic vector L = (m; — m,)/2 is along c axis and the
ferromagnetic vector M = (m, + m,)/2 is along a axis, is marked by the
symbol I3, (L., M,;). When temperature increases, A.. decreases and finally
satisfies A.. < A,q, as a result, m; and m, rotate from c axis to a axis which
is described by the symbol I,(L,, M,.). This rotation of the easy axis
accompanying temperature changes is called SRT and belongs to a second-
order phase transition. Critical temperatures Ty, and Ty define the temperature
range of SRT (T}, < Ty), within which the phase is described by the symbol
[0 (Lae, M,y). These phase transitions can be found® in the materials RFeOs3
for R = Ho, Sm, Er, Nd, Tm, and Yb. At very low temperature (few Kelvins),
the spins of R®* are ordered due to R**—R3* superexchange interaction and thus
make the system more complicated. Because our experiments are near room
temperature, the magnetization due to R®* can be ignored.

The anisotropy interaction A,, is attributed to the single-ion anisotropy of
Fe®*, and it prefers the T, configuration. The temperature-dependent anisotropy
interaction A, originates from the exchange interaction between R3* and Fe**,
which flavors the T, configuration. Because as the temperature decreases, the
magnetic moments of the R3* spins become larger, and thus enhances the
Fe¥*—R3" interaction*®. When the Fe**—R3* interaction energy is comparable to
the anisotropy energy of Fe3*, the SRT occurs.

The microscopic mechanism for some examples was studied. In HoFeOsg,
ErFeO3 and TmFeOs, the crystal field splits the ground state*’ of R®*, where the
orbital states (angular moments) of these split states are different. The magnetic
moment of the R3" ions is determined by the occupation of these split states3248,
The thermal distribution of electrons on these split states is described by the
Boltzmann factor and thus is determined by the temperature. When the
temperature varies near the energy gap between the split levels, the magnetic
moment of R3' ions and thus the Fe3*-R3* interaction energy changes
drastically. The comparability between Fe3*—R3* interaction energy and the
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anisotropy energy of Fe*" happens in this temperature range. Therefore, the
SRT temperature is comparable with the energy gap between the split levels as
shown in Table 2-1.

Note that, for SmFeQs, the crystal-field splitting has not been detected by the
absorption spectrum. The possible reason is that the corresponding energy gap
at 313 cm™ (estimated from the SRT temperature) lies in the phonon spectrum?’,
The strong absorption by phonon may cover up the absorption by the crystal-
field-split levels. The energy gap (between ®Hsy, and ®H-2) shown in Table 2-1
is due to the spin-orbital splitting®®. Because of the different total angular
momentums J of the two states, the thermal distribution of electrons on the two
states also determines the magnetic moment of the Sm®*" ion. By mixing
different rare-earth elements such as Er and Sm, we can tune the temperature
dependence of the averaging magnetic moment of the rare-earth ions and thus
the SRT temperature. Because the magnetic properties are dominated by the
mean-field theory where the average of the interactions between spins over a
macroscopic size are considered, the local disorder induced by the different
rare-earth ions around iron ions does not influence the magnetic properties and
the experiment results*®.

Table 2-1| The energy gaps between split energy levels and the SRT temperatures in some
rare-earth orthoferrites.

Materials Energy gaps SRT temperatures
TmFeOs [ref3?47] 20 cm?,33 cm?, 42 cm'? 80 K-90 K
ErFeOs [ref4’ 48] 45 cm?, 47 cm?, 61 cm™? 87 K-97K
HoFeQ; [ref?47%9] 6 cm?, 86.6 cm™ 38 K-58K
SmFeO; [ref*49] 1100 cm™? 436 K — 456 K
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2.3 Spin dynamics in canted antiferromagnets

2.3 Spin dynamics in canted antiferromagnets

In this section, we will introduce the eigenmodes of spin precessions in
canted antiferromagnets and discuss the trajectories of them based on the LLG
equations. Then, the LLG equations are transformed into a simpler form by
using only the vector L, which will be used in the chapters 4 and 5.

2.3.1 Derivation of eigenmodes of spin dynamics

The spin precessions are described by the LLG equations,

dm; dm;
— = —ym; X Begr + apem; X (2-3)
Bt = —V,V, (2-4)

V = Hgmy - m, + Hh(mymy, — mygmy.) — B+ (my; + my)
_Aaa(m%a + m%a) - Acc(m%c + m%c)

+A4,(mi, + myy, + mi, + mi, +m3, +m3), (2-5)

where y is the gyromagnetic ratio which approximately equals to 1.76 x 10!
rad/(S1T1), B.g is the effective magnetic field, and ay;¢ is the Gilbert
damping parameter (with positive value). Because the phase does not influence
the shape of the trajectories of the eigen modes, for simplicity, we assume that
the spin system is in the phase I, (L,, M,.).

For derivation of the eigenmodes of spin precession, the coordinates of
sublattice magnetizations are transformed from the crystal coordinate system
to a new system3:°152

Mg sinf, 0 cosBy\ /%1
(m1b> = ( 0 1 0 )()’1), (2-6a)
myc —cosfy, 0 sinf,/ \z;
Myq sinf, 0 —cosfy\ /X2
(mm) =( 0" 1 o )(y) 2.60)
My cosf, 0 sing, Zy
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2.3 Spin dynamics in canted antiferromagnets

Figure 2-5. The crystal coordinate system is defined by {a, b, c}. The new frames are
defined by {x,, y1, z1} and {x,, y,, z,}. Note that b//y,/ly, .

which is visualized by Fig. 2-5. Then the LLG equations can be solved by using
the new frames. The basis of eigenmodes of spin precession are introduced,

Oy = 21— 22,0y = Y1+ Y2,04 = X1 + X3, (2-7a)

Ye =21+ 2, = 2,7y = Y1 — Yo, Vx = X1 — Xa. (2-7b)

By using Eqgs. (2-6) and (2-7) in the LLG equations, we can obtain the motion
equations of two eigenmodes. Here, we ignore a; ;¢ and A,. ay ;¢ makes spins
relax to the equilibrium and thus contributes to the perimeter of the trajectories
in one cycle. Because we concern about the shape more, a; ;¢ can be ignored.
A, is far smaller than A,, and A, and thus can be ignored.

In the perturbative regime, we can assume z; = 1 > x;,y;. The terms of x;
and y; in the motion equations higher than the first order are ignored. The
results are introduced directly in the following where the external magnetic
field B is assumed to be zero. The so-called g-FM mode is described by the
motion equation,
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0y = —y(Hg + Hgcos2p, + Hpsin2p,

+2A44C08% By + 24..5In*By) 0y, (2-8a)
0y = 2Y(Agqa — Acc)COS2P4 0y, (2-8b)
g, = 0. (2-8¢c)

The resonance frequency can be obtained by substituting Eq. (2-8b) into Eq.
(2-8a),

VEM =

%\/HE + Hgcos2f, + Hpsin2f, + 244,082y + 2A..sin?f,

X \2(Agq — Acc)cos2By. (2-9)

The solutions are given by,

O, = AFMCOS (ZﬂVFMt), (2'10a)
O-y = AFMTFMSin (ZﬂVFMt), (2'10b)
_ 2(Aga—Acc)cos2p
TFm = Hg+Hgcos2By+Hpsin2By+2A,,€082Bo+2A..5in2 B,
Aqa—Acc _
i <1 (109

And the g-AFM mode is described by,

Vx = —Y(—Hg + Hgcos2f, + Hpsin2p,
+24A44€05%By + 24A.5In*Bo)Yy, (2-11a)
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Yy = 2y (Hgcos2p, + Hpsin2p,
+A,4,C0S20¢ — ArcCOS2L0) Vs (2-11b)
v, = 0. (2-11c)

The resonance frequency can be obtained by substituting Eq. (2-11b) into Eq.
(2-11a),

VAFM =

%\/—HE + Hgcos2f, + Hpsin2B, + 244,082 + 2A..Sin? B,

X \/2(Hgcos2fy + Hpsin2By + Agqcos2By — Accc0S2fy).

(2-12)
The solutions are given by,
Yx = AarMCOS (21VppML), (2-13a)
Yy = AarmTapmSin (2Vapmt), (2-13b)
_ 2(Hgcos2Bo+Hpsin2fy+Aq4€c082L0—AccCOS20)
TaFM = (—Hg+Hgcos2By+Hpsin2fy+2A,4C082Bo+2A,:5in2B)
2(HE‘|'ZBOHD‘|'Aaa_Acc)
\] Pl 5 1, (2-13c)

2.3.2 Trajectories of spin dynamics

The traces of two eigenmodes in {0, o, } plane and {y,, y, } plane are given
by Egs (2-10) and (2-13), respectively. For the rare-earth orthoferrites in our
paper, the condition A,,, A.. < Hp <« Hg is known, thus we have the relation,
rem <K 1 and rapy > 1. Take HoFeOg as an example, 1qy = 0.01 and rpypy =
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60.

The orders of magnitudes of 1y and rygy are not affected by the phase of
spin systems. The phases include I',(L., M), Tx(Ly, M,), and Iy (Lo, M),
the difference of which is the direction of L or M in a—c plane. The angle
between L and a axis or M and c axis is defined by 6. In our derivation process,
6 is set to zero and the system is in the phase I',(L,, M.). For other phases, 6
Is not zero. Arbitrary values of 8 does not influence the first two terms in the
free energy Eq (2-5) but brings the term of cosé or sin@ into the last three terms.
Therefore, in Egs (2-10) and (2-13), cos6 or sinf would be attached to the
terms of A,, and A... This modification does not affect the relation, gy < 1
and rapm > 1.

The trajectories are visualized® in Fig. 2-6. On the one hand, we find that
the g-AFM mode shows a very elliptical trajectory with the major axis along
¥y axis as shown in Fig. 2-6a. To understand this feature, we should review the
basis of g-AFM mode: y, =y; —y, and y, = x; —x, . The minus sign

a c
g-AFM mode g-FM mode
A Y, 40,
AAFMrAFM
\ ﬁ".ri""_. A

Figure 2-6. Trajectories of the g-AFM mode in {yy, ¥, } plane and in the crystallographic
frame {a, b, c} are shown in a and b, respectively. Trajectories of the g-FM mode in {o,,
g, } plane and in the crystallographic frame {a, b, c} are shown in ¢ and d, respectively.
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indicates that for g-AFM mode, m; and m; move to opposite directions in the
corresponding frames {x;, y;, z;} (Ay, = —Ay,, Ax; = —Ax,). When viewing
in the crystallography frame {a, b, c}, y,, indicates the motion where m; and m;
deflect to +(—)b and —(+)b-axis directions, respectively. y, indicates that m;
and m; deflect towards +(—)c-axis direction synchronously. y,, > y, means the
oscillation amplitude on b axis is far larger than that on c axis. The g-AFM in
the crystallographic frame is shown in Fig. 2-6b. We can find that the motion
of mj is an ellipse extremely compressed in the c-axis direction. Equivalently,
the vector M oscillates in its radial direction and L perform a swing motion in
a—b plane. g-AFM mode can be selectively excited when the THz magnetic
field is parallel with M.

On the other hand, the g-FM mode shows a very elliptical trajectory with the
major axis along o, axis as shown in Fig. 2-6¢. The basis of g-FM is given by:
o, =y; +¥, and o, = x; + x,. The plus sign indicates that for g-FM the
orientations of motion of m; and m; are same in their frames {x;, y;, z; } (Ay; =
Ay,, Ax; = Ax,). When viewing in the crystallography frame, o,, indicates the
motion where m; and m, deflect to +(—)b-axis direction synchronously. o,
indicates that m; and m;, deflect towards +(—)a-axis direction synchronously.
o, > g, means the oscillation amplitude on a axis is far larger than that on b
axis. The g-FM mode in the crystallographic frame is shown in Fig. 2-6d. It can
be found that the motion of m; is an ellipse extremely compressed in the b-axis
direction. Equivalently, the vector L performs a swing motion in a—c plane, the
trajectory of M is an ellipse which is centered at the equilibrium direction and
Is compressed extremely in the b-axis direction. The g-FM mode can be
selectively excited by the THz magnetic field perpendicular to M.

The results can be expanded to arbitrary phases. The spin dynamics have two
eigenmodes with the very elliptical trajectories. For g-AFM mode, the ellipses
of m; and m; are compressed in the radial direction of M. Meanwhile, M
oscillates in its radial direction and L performs a swing motion perpendicular
to a—c plane. For g-FM mode, the ellipses of m; and m;, are compressed in the
direction of b axis. Besides, L performs a swing motion in a—c plane and M
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2.3 Spin dynamics in canted antiferromagnets

nearly performs a swing motion in a—c plane, but with a little b-axis component
which is estimated to be 0.01 of the a—c-plane component.

2.3.3 Motion equation with respect to L

The LLG equations are described by vectors L and M in this section. As the
result of analysis, it can be found that M is a slave variable determined by L
and thus the LLG equations can be described by using only L.

By using the relations, L = (my —m,)/2, M = (m; + m,)/2, M- L =0,
and M? + L? = 1, we replace m; and m, with M and L in the free energy,

V = 2HgM? —2M - (L X Hp + B) + W,. (2-14)

The anisotropy energy is summarized in the term W, which includes M?, M*,
L? and L*. Because the cant angle B, is very small, the relation M? « L? is
satisfied. The dependence of W, on M can be ignored,

W, = =2A444L% — 24, L% + 2A, (L% + L} + LY). (2-15)

Then we substitute m; and m, with M and L in the LLG equations. We can
obtain the LLG equations with respect to M and L,

am v av
P ]/M X M + ]/L X 3L’ (2-163.)
dL av av
P yL X M +yM X L (2-16b)

The denominator 2 has been written in the potential V. Therefore, V is rewritten
by,
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2.3 Spin dynamics in canted antiferromagnets

V=HM?—-M-(LxHp+B)
—Aggl? — A L2+ A (LE + LG + LY. (2-17)

In general, for rare-earth orthoferrites, we have the relation, A,,, A <
|L X Hp| < Hg. For the equation of dL/dt, we can obtain,

sz—‘L/=—Mx(HD><M)+Mx%, (2-18a)
LX 2l =2HLxM—Lx(LxHp+B). (2-18b)

M x 0V /9L is on the order of M2Hp, MA,, and MA_.. It is much smaller than
L x dV /OM which is on the order of M H; and Hp. Therefore, it leads to a very
Important result that M is a slave variable which is determined by L and its time
derivative?>°354, By solving Eq. (2-16b), M is given by,

1 LxL
M = —— (Brotal — L(Brotar * L) + =5, (2-19)
E )4

where Broa = L X Hp + B. Then, by inserting Eq. (2-19) into Eq. (2-16a),
we can obtain the equation of motion with respect to L,

LxHD+B—L(B-L)—L(B-L+B-L)+%=
—y(LXHp) XxB+y(B-L)LXxB—(LXL)XB

+2HgyL x 2. (2-20)

According to the discussion about the trajectories of the g-AFM and the g-
FM modes, Eq. (2-20) can be decomposed into two motion equations for two
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2.4 Magneto-optic effect

eigenmodes. The b-axis component of the equation corresponds to the g-FM
mode, because L shows the swing motion in a—c plane leading to L x L
oriented at b axis. Besides, the g-AFM mode is described by the a-axis and c-
axis components due to the swing motion of L perpendicular to a— plane.

2.4 Magneto-optic effect

The spin dynamics are probed based on the Magneto-optic effect by
measuring the variation of the polarization states of probe pulses transmitting
through the sample. The Magneto-optic effect is introduced here starting with
the simplest case (a paramagnet). The dielectric tensor of an isotropic material
is given by,

Ex O 0
( 0 &, O ) (2-21)
0 0 &yn

A magnetic field is applied along z axis to magnetize the sample, and a probe
light propagating along z axis (laboratory coordinate) is incident into x-y plane
of the sample. The symmetry of the sample is lowered by the magnetization M,
and the dielectric tensor is given by,

Exx(M)  &y(M) 0
—&y (M) e, (M) 0 | (2-22)
0 0 &u(M)

Then based on the Onsager principle, &;;(—M) = ¢;;(M), the diagonal and off-
diagonal elements can be expanded as the sum of even-order terms and odd-
order terms of M, respectively. In general, the off-diagonal elements contribute
to Faraday effect and Kerr effect, while the diagonal elements lead to Cotton-
mouton effect.
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2.4 Magneto-optic effect
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Zeeman splitting due to magnetic field

Figure 2-7. Schematic of the microscopic mechanism of magneto-optic effect. a, A two-level
system with the ground state (total angular moment J = 1/2) and the excited state (J = 3/2). b,
The dispersion of &,,,. £, and &,,"" are the real and imaginary parts, respectively. Black
curves are the summation of the red and blue curves.

Based on the quantum mechanics, the detail form of ¢,,, can be obtained,

e = N s KO0l
XY T 2iggh ST IO w2 —(w+iy)?

(2-23)

where N and q are the density and the charge of the electric dipole, respectively.
[(0]x*|j}|? and [(O]x~|j}|? indicate the transition possibilities from ground
state |0) to excited state |j) when a left and a right circularly polarized photons
are absorbed, respectively. If the application of magnetic field largely splits the
energy levels of the spin-orbit-coupled states, ¢,, becomes large. For example,
there is a system with spin-orbit coupling as shown in Fig. 2-7a. The ground
state and the excited state have total angular moments J = 1/2 and 3/2,
respectively. The application of magnetic field lifts the degeneracy of the states,
due to Zeeman splitting. We focus on one ground state with m; = —1/2. The
transitions to the excited states with m; = —3/2 and 1/2 are allowed by the
selective rule. The transitions of m; = -1/2 - —3/2 and —-1/2 - 1/2 can be
excited by a left and right circularly polarized photon, respectively. Because
the two transitions have different energy gaps, the dispersion curves &,,, for left
and right circularly polarized photon are shifted as shown in Fig. 2-7b, thus
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2.4 Magneto-optic effect

leading to a nonzero dispersion for the summation which is given by Eq. (2-
23).

For the case of rare-earth orthoferrites, the material is not isotropic, but has
large birefringence, which is even stronger than the magneto-optic effect.
Besides, the magnetic order of antiferromagnet is described by two parameters,
m; and my, or L and M, so the dielectric tensor elements are expanded to the
terms combining L and M, such as®®,

0 . .
Eij = El(]) + lfijkMk + lgijkLk

+aijkleMl + bijlekLl + CijkleLl- (2_24)

In general, to explain the magneto-optic effect for probe light at 800 nm in rare-
earth orthoferrites, expanding to the first-order term is enough (the second-
order term related to Cotton-mouton effect is small.)*®°. In our experiment
setup, we have the relations x//a, y//b and z//c.

Therefore, the dielectric tensor in x-y plane is given by,

E+o IK
( —iKk &-— a)’ (2-25)
jof Moty g Latl (2-26)
0 0

where, o represents the birefringence independent of the magnetic order. The
equilibrium values of M and L are given by My and Lo. The strengths of
magnetic birefringence contributed by M and L are defined by using
phenomenological parameters f and g, respectively. As the probe pulses
transmit through the sample, the polarization states are varied by nonzero AM,.
and AL,. For example, before incidence, probe pulses are linearly polarized
along b(y) axis. When leaving the sample, probe pulses become ellipses with
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2.4 Magneto-optic effect

the ellipticity angles n . The angle between major axis of the ellipse and b(y)
axis is defined by ¢.
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3.1 THz generation and detection

Chapter 3 Experiment setup

The coherent spin dynamics in our experiments are investigated by the time-
resolved pump-probe measurement. The beam of laser pulses at 800 nm
generated from the source are divided into a pump beam and a probe beam. The
pump pulses are used to generate the strong THz pulses in the electro-optic
crystal LiNbO3 based on the tilted-optical-pulse-front method. The Tesla-class
THz magnetic near fields are generated by irradiating the microresonators on
the sample surface with the strong THz pulses. A microresonator is composed
of an antenna part and a solenoid part, where the THz pulses are coupled to the
microresonator via the antenna part to generate THz currents and the near fields
are induced in the solenoid part. The magnetic near fields excite the coherent
spin dynamics in the samples. For detection of the coherent spin dynamics, the
probe pulses are incident into the sample. The polarization states of probe
pulses are modified by the spin dynamics and are detected by an analyzer. By
varying the time difference between pump and probe pulses arriving the sample,
the spin dynamics can be detected in the time domain.

3.1 THz generation and detection

THz radiation is electromagnetic radiation at frequencies between the
infrared and microwave region, that is 10! ~ 10 Hz. This region covers lots
of resonances of intriguing physical processes such as rotations of molecules,
lattice vibrations (phonons) in solids, exciton intraband transitions in
semiconductors, and BCS gaps in superconductors. In order to study these
processes, the technologies to generate and detect THz wave are developed
explosively in the last three decades.

THz sources are classified into continuous-wave (CW) and broad-band-pulse
generation, and THz detectors also have two types, incoherent and coherent
detection. The incoherent techniques are similar with Fourier transform
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3.1 THz generation and detection

infrared spectroscopy (FTIR) which only measures the intensity, but the
coherent techniques simultaneously detect the amplitude and phase of THz
wave. In this chapter, we introduce the technique about THz-pulse generation
and coherent detection using electro-optic (EO) crystal®®-%3,

3.1.1 THz generation using optical nonlinear crystal

There are lots of THz-pulse sources, such as photoconductive antenna,
electron accelerator, optical nonlinear crystal, and air plasma. It has been
demonstrated that LiNbO; crystal as an optical nonlinear crystal enables the
generation of intense single-cycle THz pulses with peak amplitude about 1
MV/cm and a broad-band spectrum centered around 1 THz%, which can be
used to excite the spin precession efficiently. In this section, we will explain
the method of THz generation with LiNbO3 crystal.

THz generation by impinging ultrafast optical pulses into nonlinear crystal
is one of the second-order optical process, called optical rectification®3%. This
process induces the nonlinear polarization given by,

Pi(Z)(wTHz) =& Ljk Xl(JZk)C (@173 Wo + Wrpiz) —Wo)
X f_oooo Ej(wo + wtHz) Ex (o) dwy, (3-1)
PO = [, R (mwe ™ met doy, (3-2)

where w, and wy, are the frequencies of optical and THz pulses, respectively.
The THz electric field is emitted by the acceleration of the polarization (the
second derivative with respect to time),

azp® (1)
dat?2

Etngi & : (3-3)
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3.1 THz generation and detection

From these equations, we found that the nonlinear susceptibilities )(1(12,3 are

important for THz generation. Besides, the phase matching condition is also
necessary, which means that the phase velocity of THz pulse should be same
as the group velocity of optical pulse. When it is satisfied, the THz pulse
generated at each point in the past would constructively interfere during the
propagation of probe pulse through the crystal. To evaluate the extent of the
matching between the phase velocity of THz pulse and the group velocity of
optical pulse, the coherence length [ is used. [. is defined by,

lo(wrhy) = = (3-4)

wTHz|ng—nTHz|’

where n is the group index of optical pulse, and nry, is the refractive index
of THz pulse at wy,. When 800-nm pulse is used, ZnTe (I.(2THz) > 3 mm)
crystal is one of the most typical crystal for THz generation®. However, it is
difficult to generate strong THz pulses using ZnTe. The bandgap of ZnTe is
2.37 eV (523 nm), so when the pump power is increased, the two-photon
absorption happens, leading to the carrier generation. The carriers absorb THz
fields and thus limit the efficiency of THz generation.

The crystal LiNbO; has a large bandgap (4.5 eV) and a large nonlinear
susceptibility (2.5 times of that of ZnTe), and thus is thought to be a potential

THz >fffTHz

~

Figure 3-1. Left panel: The emission of THz pulses generated by the optical pulses
propagating in the EO crystal; Right panel: THz emission by optical pulses with tilted
intensity front under the condition of phase matching (LN is short for LiNbO3).
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3.1 THz generation and detection

Grating
Figure 3-2. Tilted intensity front created by a grating and a pair of cylindrical lenses.

candidate for strong THz generation. However, because n, at 800 nm is 2.23
but nty, is 5.16, LINbO;3 has a very short coherence length, thus limiting the
generation efficiency. A decade ago, to overcome this shortage, a technique
using tilted-optical-pulse front is put forward by Hebling et al®”®8, Because of
nruz > ng, the optical pulse in LiNbO; crystal propagates faster than the
spread of the phase of THz wave as shown in Fig. 3-1. The propagation of THz
wavefront forms a cone with a cone half angle 6.,
ng

: v
Sinf,,; = —2% = —2-, (3-5)
Vg NTHz

Hebling et al. developed the theory: If the intensity front of the optical pulse
was tilted to form angle 6,,; with respect to the propagating direction, the
effective group velocity of intensity front of optical pulse would be coincident
with the phase velocity of THz pulse, so that the THz pulses can be effectively
emitted. For LiNbOgs crystal, 6,,¢ is approximately 30 degrees. The tilted
intensity front can be created by a grating and a pair of cylindrical lenses® as
shown in Fig. 3-2.
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3.1 THz generation and detection

3.1.2 THz detection using electro-optic sampling

In this section, we will present the coherent detection method of the THz
pulses. The 800 nm pulses with a pulse duration of 80 fs and a pulse energy of
7 mJ are generated from an amplified Ti:sapphire laser with a repetition rate of
1kHz. The output beam is divided into two beam paths by using a beam sampler
of which the power ratio is 99:1. The strong one (pump beam) is employed to
generate THz pulses as discussed in the last subsection, and the weak one
(probe beam) is exploited for THz detection. The mechanism of THz detection
using EO crystal (EO sampling) is the Pockels effect, which is the reverse
process of optical rectification. Due to Pockels effect, the polarization in EO
crystal induced by optical probe pulses and THz pump pulses is given by,

P (o) = €0 X Xi e (@03 wo, 0)E; () Ez (0), (3-6)

where the THz electric field here is regarded as a static field for simplicity. This
equation indicates that the static electric field induces birefringence at optical
frequencies in EO crystal. When the linearly polarized optical pulse with
femtosecond duration transmits through the crystal together with the THz pulse
which has a much longer duration, the birefringence induced by THz field will

y

THz pulse

x(Z)

Figure 3-3. Definition of various coordinates. {x, y, z} is the laboratory coordinate; {X,
Y, Z} is the principal axis of (110) zincblende crystal without THz electric field; {X”, Y,
Z’} is the new principal axis induced by THz electric field.
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3.1 THz generation and detection

modify the polarization state of optical probe pulse. The optical pulse here is
also called the gate pulse, and the method to detect the THz electric field by
measuring the ellipticity of the gate pulse is called EO sampling. Same as the
THz generation, for efficient detection, long coherence length is required, thus
the EO crystals such as ZnTe and GaP are suitable. The two crystals have the
zincblende structure, and the index ellipsoid when applied by electric field E is
described as,

X% vy z?
7t T T 2 (BxYZ + By ZX + B XY) = 1, (3-7)

where 1, is the electro-optic coefficient, and {X,Y,Z} is the coordinate system
of the principle axis of the EO crystal. When the THz pulse polarized along
[1,1,0] is normally incident into the (110) plane as shown in Fig. 3-3, i.e.,
Ery, = (—Ery, /N2, Ery, /N2, 0), the index ellipsoid becomes,

x? y? z?
Tl—% + n_% + n_g + \/inl-l(_ETHZYZ + ETHZZX) == 1, (3'8)
L 0 V2741 Brhg
nj3 2 ¥
1 V2141 ETHz
wrol 0 x|
0
V2141 ETHz _\/Er4—1ETHZ 1 Z
2 2 n3
(3-9)

The coordinate system based on the principal axis is transformed into the
system based on the new principal axis created by the THz electric field. All
coordinate systems are shown in Fig. 3-3. The index ellipsoid in the new
principal axis is given by,
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3.1 THz generation and detection

1
Tl—% + r4_1ETHZ O O X,
1
X v z) 0 2z~ Tafrnz 0 <y> = 1.
ZI
0 0 niz

0

(3-10)

The new principal axis can be obtained by rotating from the old one,

X
(Y>. (3-11)
Z

The THz electric field in the new axis becomes,

sl %l

(e

: 1 1 1 :

—ETHz - —=- = —ETHz

V2 21 12 \/15 2 ( )
Ethz |=| —= - —= Ethz |. 3-12
V2 z v AN

It means that the angle between new principal axis and THz electric field is 45°.
By assuming ry, Ery, < 1/n3, the refractive index in the new principal axis is

given by,
3
Nyr = Ny — r‘“n‘;ﬂ, (3-13a)
3
nyr ~ ng + ”TETH (3-13b)
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3.1 THz generation and detection

Under the condition where the gate pulse is coaxially incident and is polarized
parallel with the THz electric field, the components in X’ and Y’ axes of the
gate pulse propagating in the EO crystal exhibit a phase retard. When the EO
crystal has the thickness [, the phase retard of the gate pulse leaving the sample
IS given by,

l
l" — wco (nyl — nX,) et

27TETHZ

lry nd, (3-14)

where A is the wavelength of the probe pulse. Hereafter, all vectors are written
using the laboratory coordinate {x,y,z}. Before incidence, the polarization of
the gate pulse is given by Eq = (0, Egate ). After EO sampling, it becomes,

s . T ir s . T
cosS— Sin— = cos— —sin-\
E. = 4 4a\[ez 0 4 4
1 — Lgate . T T ir . T T 1
—sin— coSs— 0 -5/ \sin— cos—
4 4 e 4 4

(3-15)

If the intensities of the x-axis and y-axis components of the gate pulse were
decomposed and detected by the balanced detector directly, the relation
between the signal and the THz electric field would obey the function,
(I, = L)/, + I,) = cosT = cos (2mEry,lry ng/2), where I, and I, are the
intensities of the y-axis and x-axis components, respectively. Because cosine
function is even, the sign of electric field cannot be obtained. In our experiment,
the THz electric field is detected by using a set of quarter wave plate, Wollaston
prism and a balance detector as shown in Fig. 3-4. The polarization of the gate
pulse passing the quarter wave plate is given by,
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Balanced

THz pulse M4 plate detector

‘
Gate
pulse EO crystal

Without I T I
THz pulse e —
With I O o I
THz pulse A

Figure 3-4. Upper panel: Schematic of THz detection; Lower panel: Polarization state of
probe pulse before or after each optics.

13 . T . T . T
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— Lgate r . (3-16)
COSE - Slnz

Wollaston prism

After the Wollaston prism, the gate pulse is decomposed into the x-axis and y-
axis components and the intensities of the two components are detected by the
balanced detector. The signal is given by,

Le=1y 2T

Ly+1,

= sinl" = sin ( iTHZ I14113). (3-17)

Therefore, we can obtain the THz electric field Ety, from the detected quantity
(I, — 1,) /(I + 1,,)). Furthermore, the time delay t between THz pulse and
probe pulse is varied slowly by a delay stage, thus a temporal waveform of THz
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field can be reproduced by detecting the value of E1y, at each time delay t. The
time resolution is limited by the pulse duration of the probe pulse.

3.2 THz resonator

In this section, the THz resonators are introduced. An individual THz
resonator is similar as a LC (inductance-capacitance) circuit with micrometer
size. When a resonator is irradiated by THz electromagnetic wave, the LC
oscillation can be excited and THz current flows in the resonator. As a result,
the electric and magnetic near fields which are far stronger compared with the
THz far field can be generated. The typical resonator is the split-ring resonator.
In the subsection 3.2.2, Our studies using the electric near field is briefly
introduced. Besides, the magnetic near field has been used to study spin
dynamics in the other works. However, because the magnetic near fields
generated by the split-ring resonators are not strong enough, the studies are
limited to a restricted range of phenomena. Therefore, we designed a new
resonator called spiral-shaped antenna resonator to generate stronger magnetic
near fields. The spiral-shaped antenna resonator is used for the studies of
nonlinear spin dynamics in the chapters 4 and 5.

3.2.1 Split-ring resonator

A single split-ring resonator (SRR) is shown in Fig. 3-5. When the incident
THz electric field is parallel with the gap, the circularly oscillating current is

> Eqy,

E THz

El}:ﬁ_— " I I
B

&)

++:+i
+ LT+

LYY

Figure 3-5. Left panel: a split-ring resonator; Right panel: a LC circuit.
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generated due to LC oscillation®®-", The frequency of LC oscillation covers the
range from optical wave to microwave and is mainly determined by the size
scale of a single element which can be tuned from hundreds of nanometers to
few millimeters. In the gap which is like a capacitance, the circular current
accumulates a lot of charges and thus generates a strong electric field. The
strong electric field has been exploited for the excitation of nonlinear
phenomena’>"* such as THz-field-induced insulator-to-metal transition.

3.2.2 Vacuum Rabi splitting realized with split-ring resonator

In addition, because the gap can also confine the THz vacuum fluctuation
(vacuum field or vacuum photon™) in a very small volume beyond the
diffraction limit, the THz vacuum fluctuation in the gap becomes very strong”® .
Therefore, the SRR is also broadly used as a cavity in the studies of vacuum
Rabi splitting’”~"®. The term “vacuum” indicates that even without the external
AC electric field, the Rabi splitting can happen due to the coupling between the
material and the cavity via vacuum fluctuation.

For example, as a two-level atom at the excited state is put in a cavity shown
in Fig. 3-6a, due to the perturbation of vacuum fluctuation, the spontaneous
emission of a photon happens®8!, If the photon frequency was same as the
frequency of a cavity mode, the photon would be reflected by the mirror of the
cavity and then is reabsorbed by the atom. If there was no loss of photons, the
process would repeat forever: emission—>absorption—>emission... As a result,
the states of cavity and atom are hybridized to generate new eigenstates,
polaritons. Compared to the energy levels of the cavity or atom, the energy
levels of the polaritons exhibit a splitting as shown in Fig. 3-6b, where the
splitting is defined by Qg. The splitting is called vacuum Rabi splitting. When
the loss rates of the photon in the cavity and atom are nonzero but are smaller
than the bounce rate between the cavity and atom, vacuum Rabi splitting also
occurs. The two-level atom can be replaced by an arbitrary two-level system.

The coupling strength between the two-level system and the cavity is
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evaluated by ¢ = Qr/(2w,), where the splitting frequency Qp is proportional
to the field strength of the vacuum fluctuation. To obtain stronger coupling,
stronger vacuum fluctuation is required. Therefore, SRR should be used. For
the example shown in Fig. 3-6¢, we fabricated SRRs on the quartz substrate
and then the substrate is coated by a thin film of perovskite semiconductor
MAPDI;. The phonons at 0.95 THz in MAPDI; are coupled to the LC mode of
SRRs (cavity mode). By varying the size L of the SRRs, we can tune the cavity
frequency. As the cavity frequency approaches the phonon frequency, the
polaritons appear and their frequencies exhibit a voided crossing which can be
well reproduced by the theoretical results using the Hopfield model. The
behavior indicates the presence of vacuum Rabi splitting. Based on the results
with different gap size G, we can conclude that the smaller gap induces the
stronger THz vacuum fluctuation, thus leading to the larger vacuum Rabi
splitting. For G = 0.1 um, we can obtain ¢ = 0.24, which indicates that our

a c e
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Cavity 3 1_4_G—‘Ipm
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Figure 3-6. a, Schematic of a two-level system (atom or material) in a cavity. The red curve
refers to the photon which jumps between the two-level system and the cavity. b, Schematic
of vacuum Rabi splitting. ¢, SRRs are fabricated on a quartz substrate, and the substrate is
coated by a thin film of perovskite semiconductor MAPbI3. Phonons in MAPbIs are coupled
to the LC mode of SRRs via vacuum THz fluctuation. ¢, Dimensions of a single SRR. e,
The polariton dispersions for G = 1 um and 0.1 um. Figure reprinted with permission from
the reference 7°, © 2021 American Physical Society under the terms of the Creative
Commons Attribution 4.0 International license.
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system reaches the ultrastrong coupling regime. The ultrastrong coupling
regime is predicted to be important for the manipulation of quantum properties
of the material, the quantum information procession and the vacuum-boost
nonlinear optics®?.

3.2.3 Excitation of spin dynamics with split-ring resonator

On the other hand, the ring of SRR is similar as an inductance, the circular
current generates a strong magnetic field perpendicular to the sample plane.
The magnetic near field is demonstrated by Kumar et. al. for the first time®3,
They fabricated the SRR on the surface of a paramagnetic crystal TGG (terbium
gallium garnet) and detected the distribution of the magnetic near field based
on Faraday effect. Then, researchers managed to employ the magnetic near
field exciting THz spin dynamics in antiferromagnets®+-26,

In the work®®, the g-FM mode was studied using the magnetic near field. The
vector M was set perpendicular to magnetic near field, so that only g-FM mode
can be excited, as shown in Fig. 3-7a. The size of SRR was adjusted so that the
g-FM mode can be excited resonantly. The probe pulses were focused at the
center of the ring of SRR to detect the spin dynamics. The temporal
developments and the spectra of the g-FM mode were observed as shown in
Figs. 3-7b and c, respectively. However, the nonlinearities were not found.

Then, Mukai et. al. improved the experiment®, Because the magnetic near
field is strongest near the corner as shown in Fig. 3-7d, they probed the spin
dynamics at the corner by focusing the probe pulse via an objective lens. In that
work, q-AFM mode was studied. The temporal development of the q-AFM
mode is shown in Fig. 3-7e. The spectra of g-AFM mode at different field
strengths are shown in Fig. 3-7f. They found that the g-AFM mode exhibits a
frequency redshift but did not explain the origin of the red shift. Aside from
this, they also have not observed the remarkable nonlinearities.
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Figure 3-7. a, The magnetic near fields generated by a SRR on the surface of ErFeO3
excite the g-FM mode. b, The temporal developments of g-FM mode at different
temperatures. ¢, The temperature dependence of the spectra of the q-FM mode. Figure
reprinted with permission from the reference &, © 2014 American Physical Society. d,
The distribution of the enhancement factor. e, The temporal development of the g-AFM
mode. f, The spectra of g-AFM under different field strengths. Figure reprinted with
permission from the reference 8, © 2016 IOP Publishing under the terms of the Creative
Commons Attribution 3.0 licence.

3.2.4 Spiral-shaped antenna resonator

For the investigation of the spin nonlinearities, stronger excitation is required.
Here, we develop a structure called spiral-shaped antenna resonator (SAR) as
shown in Fig. 3-8 which consists of a long arm and a solenoid®-%2. The long
arm is analogy as a THz antenna, and thus the parallel THz electric fields,
which impinge the sample surface perpendicularly, can be coupled to the
resonator via the arm. The THz electric fields drive eddy currents into the
solenoid. Thus, the magnetic near fields perpendicular to the surface are
generated at the center of the solenoid. Compared to SRR where the eddy
currents flow in a ring with a diameter about 20 um, SAR has a much smaller
ring (solenoid) with a diameter about 4 um. The magnetic near fields are
confined inside the small hot spot and thus are much stronger. The SAR as a
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Figure 3-8. Schematic of a spiral-shaped antenna resonator.
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Figure 3-9. a. Distribution of the enhancement factor. BYS, and B;, are the THz
magnetic near field in the sample and the THz magnetic far field before incidence. b.
Spectra of enhancement factor. The red curve is the enhancement factor at the center of
the solenoid of SAR which is highlighted by the red circle in a. The blue curve is the
enhancement factor at the corner of SRR which is indicated by the red circle in Fig.3-7d.
Figure reprinted with permission from the reference %, © 2023 Springer Nature under the
terms of the Creative Commons CC BY license.

whole is also similar as a LC circuit. The eddy currents oscillate in the resonator,
and the resonant frequency can be described by the expression, v, =
1/(2nVLC), where the detail functions of L and C are given® by Polley et al.
Through FDTD simulation, | find that, in the case where the resonant frequency
Is around 0.54 THz as shown in Figs. 3-8 and 3-9 (Dsar = 10.2 um, Lsar = 40
um), enlarging (shrinking) the outer diameter Dsagr by 1 um decreases
(increases) the resonant frequency by about 0.02 THz. Besides, lengthening
(shortening) the length of antenna Lsar by 10 um decreases (increases) the
resonant frequency by about 0.01 THz. There might be a coupling between the
antenna part and the solenoid (spiral-shaped) part. The existence of the solenoid
part might modify the resonant frequency of the antenna part. Therefore, the
antenna length is not half wavelength of the resonant frequency. How the
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3.2 THz resonator

coupling happens and how to quantify the coupling are required to be answered
in further investigation.

In this work, the SARs made of gold are fabricated on our sample surface
based on Electron-Beam (EB) lithography. The strengths and the resonant
frequencies of the magnetic near fields are estimated by FDTD simulation. In
simulation, the refractive index of HoFeOs is 5.4 and the gold is regarded as a
perfect metal. The sample thickness is 52 um, the optical distance of which is
around half wavelength of the resonant frequency of the SAR, thus the sample
itself behave as a Fabry-Pérot cavity to further increase the THz magnetic near
field. By comparing with the results shown in previous studies®, | find that the
Fabry-Pérot cavity formed by front and back sample (the orthoferrite) surfaces
contributes to the Q factor of the enhancement factor, but the SAR (Dsar =
10.2 um, Lsar = 40 um) generates a relatively broadband enhancement. By
simulation, the Q factor of the magnetic near field for my sample is about 9.3
and the enhancement factor is about 200 times as shown in Fig. 3-9. We find
that the enhancement factor of SAR is far stronger than that of SRR.

How many Tesla the THz magnetic near fields are is also estimated by FDTD
simulation. In the experiment, the single-cycle THz pulses have the peak
amplitude about 0.8 MV/cm as shown in Fig. 3-10. To avoid transient overload
currents destroying the resonators, a low-pass filter (< 0.68 THz) is applied
before the sample. The filtered THz pulse is used as the input of FDTD
simulation. The calculation results of BYE. (t) and EY5,(¢) at the center of coil

T before filter 1F
& 0.8 — after filter g
= =
€ 00—\ Aoi~~  E
LLIE \ I . | 1 | %- 0 I
0 4 8 12 E 0 1 2
Time delay (ps) Frequency (THz)

Figure 3-10. Left panel: temporal development of THz pulses Right panel: corresponding
spectra. Figure reprinted with permission from the reference®®, © 2023 Springer
Nature under the terms of the Creative Commons CC BY license.
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Figure 3-11. Numerical calculation results of BYE_(t) and ENE_(¢t). Figure reprinted with
permission from the reference %, © 2023 Springer Nature under the terms of the Creative
Commons CC BY license.

are shown in Fig. 3-11. A very strong multicycle magnetic near field along z
axis with peak amplitude about 2 T is generated, while the y- and x-axes
magnetic near fields are very weak and thus can be ignored. Therefore, BYE, (t)
can be regarded as (0,0, BY, (t)). Besides, the electric near field is generated
with the peak amplitude about less than 2 times of that of the incident THz
pulse.

3.3 Detection of spin dynamics

3.3.1 Experiment setup

The experiment setup is shown in Fig. 3-12. The laser beam generated from
an amplified Ti:sapphire laser (shown by a grey box) is presented by a red thick
line. The beam with 99 % power is reflected by the Beam sampler for the THz
generation and another beam with 1% power transmits through the Beam
sampler for detection of spin dynamics.

The THz pulses are generated from the LiNbOs3 crystal using the tilted-
optical-pulse-front method and are collected by a small parabolic mirror. Then,
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Figure 3-12. Schematic of the experiment setup. Figure reprinted with permission from the
reference *°, © 2023 Springer Nature under the terms of the Creative Commons CC
BY license.

the beam of THz pulses is collimated and focused to the sample by two
parabolic mirrors. Between the two parabolic mirrors, a wire-grid pair
consisting of two wire grids is used to control the intensity of THz pulses. The
wire grid is a plate wherein many thin metallic wires are aligned parallel, which
allows the THz pulses with polarization perpendicular to the wires passing
through the wire grid. The first wire grid is placed with wires aligned along an
arbitrary direction. The second wire grid is placed with wire parallel with the
paper so that the THz electric field polarized perpendicular to the paper can
pass. The intensity of the THz pulses is adjusted by rotating the first wire grid.

To probe the spin dynamics at the center of the solenoid, the probe pulses
were focused by an objective lens from the back surface of the sample. The
spot of the probe pulse has the diameter about 1.2 um as shown in Fig. 3-13a.
The probe pulses detect a small enough area, over which the enhancement
factor is almost homogeneous as shown in Fig. 3-13b. Therefore, it enables us
to analyze the experimental results based on the calculation that does not
consider the x—y-plane distribution of magnetic near field.
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Figure 3-13. a. The beam spot of the probe pulse. b. The profile of the beam spot. The
red points are the data along the red dashed line in a, and the red curve is a fit to a Gaussian
function. The blue curve is the distribution of the magnetic near field for y = 0 shown in
Fig. 3-9a. Figure reprinted with permission from the reference ®°, © 2023 Springer
Nature under the terms of the Creative Commons CC BY license.

3.3.2 Detection of the ellipticity angle of probe pulses

After that the probe pulses transmit the sample and are reflected by the
sample surface (Fig. 3-12a), the polarization of probe pulses becomes an ellipse
with the ellipticity angle n (Fig. 3-12b). The angle between the major axis and
y axis is defined by ¢ . The ellipticity angle n can be detected by the
combination of a quarter wave plate, a Wollaston prism and a balanced detector.
The polarization of the probe pulse before incidence is along y axis and is given
by,

E, = Egate (2) (3-18)

After leaving the sample, the ellipse polarization is given by using two rotation
matrixes as well as a matrix for —m /2 phase retardance,

53



3.3 Detection of spin dynamics

By= B (S0 )3 0)(SRCm DY)

~ (—cosd)sinn = isin¢COS77) (3-19)

- Tgate | singsinng — icos¢gcosn

A quarter wave plate is placed behind the sample and the fast axis is rotated
—m /4 from y axis. The polarization of probe pulse transmitting through the
wave plate is given by,

o I [CRA SR I
—sin(=7) cos(—7) 0 —i —sin, cos
_ Egate (— sin(n + @) + cos(n — ¢) + i(—cos(n + ¢) + sin(n — ¢)))
2\ —sin(n — ¢) — cos(n + ¢) — i(cos(n — ¢) +sin(n + ¢)) /'

(3-20)

The Wollaston prism is placed behind the quarter wave. The probe pulse is
decomposed into the x-axis and y-axis components which are been spatially
separated. Then two components are incident into the balanced detector. The
ellipticity angle is given by,

Le—1y,
I+,

n= %arcsin (— ), (3-21)

where I, and I, are the intensities of E; , and E ,,, respectively.

In the experiment, the delay stage in the beam path of the probe pulses is
controlled to vary the optical distance between the probe pulses and the pump
pulses, and thus the time difference between the probe pulses and the pump
pulses arriving the sample can be varied. Hereafter, the time difference is
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indicated by time delay t. The ellipticity angle at different time delay t is
detected and indicated by n(t). The spin dynamics which are excited by the
pump pulses are probed by the changes of ellipticity angle, An(t) = n(t) —
Nequilibrium» Where n(t) and nequiibrium are the ellipticity angles when THz
pulses are applied to samples and are blocked, respctively.
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Chapter 4 Second- and third-order
harmonic generations of
spin dynamics

In this chapter, we studied the coherent nonlinear dynamics of g-AFM mode
in a HoFeOs crystal at room temperature. The observed time-resolved changes
in the ellipticity angle clearly showed the oscillations of g-AFM mode. Under
the strong excitation, the signals exhibit the frequency redshift, the second- and
third-order harmonics and an asymmetric oscillation behaviour in the time
domain. Not only the anharmonic potential energy of the g-AFM mode but also
the magneto-optic effect related to the g-AFM mode plays an important role in
these phenomena. In section 4.1, the background of the ultrafast control of g-
AFM mode and the purpose of this chapter are introduced. In section 4.2, the
sample fabrication and the experiment setup are introduced. The section 4.3
shows the experimental results and summarizes the three main features. The
sections 4.4, 4.5 and 4.6 explains the three main features based on the motion
equation of g-AFM mode and the wave equation describing the magneto-optic
effect. The section 4.7 presents the numerical calculations of the two equations.
The response of our sample to THz electric field is discussed in the section 4.8.
Finally, we have a summary in the section 4.9.

4.1 Background

They have attempted various methods to excite the g-AFM mode with
optical pulses in the range from visible to mid-infrared frequencies. The
accessible methods are found to be exciting the charge-transfer transitions or
exciting the circularly polarized phonon modes. The charge-transfer transitions
are excited, so that the electron distribution in the cluster Fe**—0O*—Fe3* is
modified?*, thus leading to the ultrafast perturbation of the antiferromagnetic
exchange interaction He and DMI Hp. The perturbation works as a transient
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torque to excite the g-AFM mode. On the other hand, the circularly polarized
phonon modes with lifetime < 1 ps are excited to trigger the g-AFM mode via
the Barnett effect?®®, where the circular motions of ions generate the sub-
picosecond magnetic fields in the sample. The g-AFM mode is excited by the
Zeeman torque of the transient magnetic fields. However, because the
couplings between the spin system and the electron or phonon systems are
relatively weak, it is difficult to track the nonlinear spin responses of g-AFM
mode by using optical pulses.

Since the first use a decade ago, THz pulses have been considered as a more
efficient means of directly exciting g-AFM mode via Zeeman torque without
coupling with other degrees of freedom?31%, One of the distinct signatures of
nonlinear spin dynamics due to the anharmonic potential energy is the
generation of second-harmonic (SH) or third-harmonic (TH) oscillations.
However, because the maximum peak amplitude of a single-cycle THz pulse
usually reaches only about 0.1 T and its spectral density at the spin resonance
frequency is also limited, the harmonic spin oscillation is limited to the second
order in common approaches®. In this study, we observed a large spin-
precession amplitude of the g-AFM mode, that generates the frequency redshift
and the SH and TH oscillations, in the canted antiferromagnet HoFeOj3 by using
the excitation of Tesla-class THz magnetic near fields. Based on the theoretical
analysis, we revealed their relations with the anharmonic potential energy of
the g-AFM mode and the magneto-optic effect related to the g-AFM mode.

4.2 Sample fabrication and experimental setup

Single crystal HoFeO3; was fabricated by Dr. Mukai of Kyoto University
using the Floating zone method®. The powder sample of HoFeO3 is provided
by Kageyama group of Kyoto University. In the Floating zone method, light
from a halogen lamp is focused onto the contact point of two raw material rods
(polycrystalline samples) using an elliptical mirror. The samples near the focal
point are heated to their melting point. Single crystals are grown by
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simultaneously moving the molten material downward. The raw material rods
are placed in quartz tubes, and a constant flow of mixed air is flowed inside the
tubes. To ensure uniform heating of the samples and stabilization of the molten
surface, the upper and lower raw material rods are rotated in opposite directions
(16 round/min), and the downward movement speed is set to 6 mm/h. The
HoFeO; single crystal was cut perpendicular to ¢ axis and was polished to a
thickness of 52 um. The crystallographic a, b, and c axes are parallel to the x,
y and z axes, respectively. A single magnetic domain was confirmed by a two-
dimensional static Kerr ellipticity measurement at zero magnetic field. At room
temperature which is much higher than the SRT temperature (~ 50 K), the two
magnetizations m; (i = 1,2) of the iron sublattices in HoFeO3; are mainly
antiferromagnetically aligned along a axis (with a slight canting angle g, =
0.63° due to DMI) and exhibit a spontaneous magnetization M along c axis.

We fabricated an array of metallic microstructures of SARs with a thickness
of 200 nm on the crystal surface by an electron-beam lithographic process at
Nanotechnology Hub of Kyoto University. Initially, the resist and the
conductive film were sequentially spin-coated onto the sample. Subsequently,
it was introduced into the electron beam chamber, where the resist underwent
irradiation by a focused electron beam, scanning in the shape of SARs. The
conductive film prohibited the electrons accumulating on the surface. This
process rendered the irradiated portion susceptible to dissolution in the
developer solution. After this, the sample was removed from the chamber and
immersed in the developer, thereby revealing the resist structured in the shape

111 == 11y,

= 20 um

Figure 4-1. Sample photograph.
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of SARs. Then, the sample was placed in an evaporator where the metallic thin
films consisting of a 5-nm adhesive Cr layer and a 195-nm Au layer are
deposited. Finally, the remaining resist was removed, resulting in the formation
of Cr/Au in the shape of SARs on the sample. The sample photographs are
shown in Fig. 4-1.

Before each experiment, we applied a bias magnetic field to the sample to
saturate its magnetization along ¢ axis. The hysteresis in the Kerr rotation
plotted versus the magnetic field is shown in Fig. 4-2. The static magnetic field
required to reverse the magnetization is ~50 mT. Regarding the experiment
with the THz pulse, we need to consider that the THz magnetic field is a
transient pulse with a duration on the order of picoseconds. In contrast to the
result for the static magnetic field, the coherent reversal of magnetization is
much more difficult in the case of such a short pulse.

In the THz region, there are two antiferromagnetic resonance modes, the
so-called g-AFM mode and the g-FM mode. The magnetic near field BY, in
our setup causes a g-AFM mode motion; as illustrated by the dashed blue
curves in Fig. 4-3, the Zeeman torque exerted on the spins triggers a precession
of each sublattice magnetization m, and m, about the equilibrium direction.

100F

50+

Kerr rotation (mdeg)

50 0 50

Magnetic field (mT)
Figure 4-2. Magnetic field dependence of the Kerr rotation of HoFeOs at room
temperature. The probe wavelength is 633 nm. Figure reprinted with permission from
the reference ®°, © 2023 Springer Nature under the terms of the Creative Commons CC
BY license.
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Low-pass
filter

Figure 4-3. Left panel: Schematic of pump-probe measurement (a//x; bl/ly; cl/z); Right
panel: Photograph of a single SAR. Figure reprinted with permission from the reference
% © 2023 Springer Nature under the terms of the Creative Commons CC BY license.

This precession causes an oscillation of the ferromagnetic vector M in the c-
axis direction and a pendulum motion of the antiferromagnetic vector L in a—b
plane. The resultant spin dynamics are detected as the change of ellipticity
angle An. We used a 50x objective lens to focus linearly polarized optical probe
pulses in the plane of the microstructure (spot diameter ~1.2 um), which
enabled us to measure local changes in the ellipticity angle change An. Note
that the HoFeO3 crystal was sufficiently transparent for the used NIR probe
pulses (800 nm). The polarization directions of the THz light and the probe
light were parallel and almost along b axis. A balanced detector combined with
a quarter-wave plate and a Wollaston prism was used to measure the ellipticity
angle of the reflected probe pulse.
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4.3 Experimental result
The three temporal profiles of the changes in the ellipticity angle (An) are

shown in in Fig. 4-4 for THz electric-field amplitudes equal to Ety, =
0.8 MVcm™1,0.55MVem™t and 0.2 MV em™! (Epy, is measured without

filter). The corresponding amplitudes of THz magnetic near fields at the sample
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Figure 4-4. THz-pump-induced ellipticity-angle change An. The red, green, and blue
curves show the observed time-domain signals An for THz pulses with Ety, =
0.8 MV cm™1,0.55 MV cm™t and 0.2 MV cm™1, respectively. The red and green curves
are offset for clarity. The open circles are the corresponding results calculated by using
the motion equation of g-AFM mode and considering the magneto-optic effect. Figure
reprinted with permission from the reference *°, © 2023 Springer Nature under the terms

of the Creative Commons CC BY license.
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Figure 4-5. The red and blue spectra are the Fourier spectra of the experimental data
obtained using Ety, = 0.8 MV cm™?! and 0.2 MV cm™?, respectively. Figure reprinted
with permission from the reference ®°, © 2023 Springer Nature under the terms of

the Creative Commons CC BY license.
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surface are Bin, =2.1T,1.4T and 0.5T (BX;, is calculated by FDTD
simulation with filter). The time moment of THz pulse arriving sample can be
determined based on THz Kerr effect introduced in section 4.8. This time
moment is set at 5.1 ps by hand in this chapter 4.

The curve for Ery, = 0.8 MVcm™! exhibits a distorted sinusoidal
oscillation with an asymmetric envelope, i.e., the amplitudes of the signals with
An > 0 are larger than those of the signals with An < 0. The spectra are
obtained by Fourier transformation and are shown in Fig. 4-5. For weak
excitation with Eryg, = 0.2 MV cm™1, the fundamental peak is at v = v gy =
0.58 THz and is consistent with the previous report, which indicates that the
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Figure 4-6. Field-strength dependence for the fundamental, SH and TH peak areas.
The open circles are the corresponding results calculated by using the motion equation
of the g-AFM mode and considering the magneto-optic effect. The error bars represent
the noise floor in the spectra, which is obtained by integrating the spectral amplitudes
of the case for Epy, = 0.2 MV cm™! over the range from 1.25 THz to 1.71 THz.
Figure reprinted with permission from the reference *°, © 2023 Springer Nature under
the terms of the Creative Commons CC BY license.
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Figure 4-7. Field-strength dependence for the SH and TH peak areas. Data are same
as these in Fig. 4-6. The horizontal axis is the fundamental peak area F. Figure
reprinted with permission from the reference *°, © 2023 Springer Nature under the
terms of the Creative Commons CC BY license.
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oscillation in Fig. 4-4 is attributed to the g-AFM mode. Apart from the
fundamental peak at vapy, the peaks at precise 2v,pp Can be found which is
attributed to the second-order harmonic of g-AFM mode. For the strong
excitation with E1y, = 0.8 MV cm™1, the spectrum exhibits the second-order-
harmonic (SH) and the third-order-harmonic (TH) peaks. Interestingly, the
fundamental peak shows a remarkable broadening towards low-frequency side.
Meanwhile, the center frequencies of the SH and TH peaks (1.06 THz and 1.58
THz) are lower than 2vagy (1.16 THZz) and 3vgy (1.74 THZ).

The dependences on the field strength of the three peaks are shown in Fig.
4-6. The data points are the peak areas obtained by integrating the
corresponding peaks in the spectra. The grey lines are proportional to the first,
second, and third power of Ety,. The error bars represent the noise floor in each
spectrum. We found that the field-strength dependences of these peaks deviate
from the power law of the electric (magnetic) field. It is attributed to the
nonlinear damping of spin dynamics where the damping becomes stronger as
the oscillation amplitude becomes stronger. However, when the SH and TH
amplitudes are plot as the functions with respect to the amplitude of the
fundamental peak, as shown in Fig. 4-7, the power law scaling can be
confirmed, which is same as the high-order harmonic generation in the electron
system. Be superior to regarding harmonic peaks as the function of the pump
field, the amplitude of fundamental peak directly reflects the strength of the
spin precession. The power law scaling confirms that the SH and TH peaks
originate from the nonlinearities of the spin precession.

Here we summarize three main features exhibited by the experimental results:
(i) the asymmetric amplitude of oscillation observed in the time domain (Fig.
4-4), which is called DC component, (ii) the SH and TH generations in the
frequency region (Fig. 4-5), (iii) the broadening of spectral peaks towards low-
frequency side (Fig. 4-5), which is called redshift. These features will be
explained in the following combined with the theoretical calculation.
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4.4 Origin of redshift

4.4.1 Quantitative evaluation of redshift

To quantitatively evaluate the redshift, we performed the time-resolved
Fourier transformation to An(t) where An(t) multiplied by a time window (a
Gaussian function centered at ¢’ with a width of 5 ps) is Fourier transformed.
The spectra with different ¢" are shown in Fig. 4-8a. The peak frequency of the
fundamental peak at different ¢’ is read from the colormap and is plot in Fig. 4-
8b. We find that the peak frequency exhibits a remarkable red shift at about 10
ps and the minimum value is indicated by V,eqmax = 0.53 THz, where v eqmax
is called the redshift frequency. For excitation with Ety, = 0.8 MV cm™1, the
signals of the SH and TH peaks only appear around 10 ps which rise and decay
with a very fast speed. Therefore, SH and TH should have the central
frequencies at 2V eqmax = 1.06 THz and 3v,eqmax = 1.59 THz, respectively,
which is consistent with the observation in Fig. 4-5. As the oscillation
amplitude of An(t) decreases after 30 ps, the oscillation frequency returns to
the intrinsic frequency of the g-AFM mode.
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Figure 4-8. a, Color maps of the time-resolved Fourier-transform spectra of Az(t) for
Eryz = 0.8 MV cm™ (upper panel) and 0.2 MV cm™? (lower panel). The time window
used for this calculation is a Gaussian function centered at t* with a width of 5 ps and all
color maps use the same color scale. b, Temporal variation of the oscillation frequency
obtained from the spectral position of the fundamental peak in each time slice for the data
(red: 0.8 MV cm™?, blue: 0.2 MV cm™) in a. Figure reprinted with permission from the
reference %, © 2023 Springer Nature under the terms of the Creative Commons CC
BY license.
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Figure 4-9 Field-strength dependence of Vieamax- The red circles are the experimentally
obtained value. The grey curve is the calculation result of Eq. (4-8) as the function of k¢, .,
where k is set to 1.8 rad™.

We plot the redshift frequency v e.qmax as @ function of the fundamental peak
area F under different field strengths in Fig. 4-9. We find that the result exhibits
two stages. Firstly, when the excitation is relatively weak (F is smaller than
0.8), Vredmax @lmost does not change. This is attributed to the forced oscillation
driven by the THz magnetic near field where the frequency of the THz magnetic
near field is a bit lower than the intrinsic frequency of g-AFM mode. From the
experimentally obtained v, .gmax, W€ can estimate the frequency of the THz
magnetic near field is about 0.56 THz. Secondly, when the excitation becomes
strong (F is larger than 0.8), Vieqmax Starts to decrease, which cannot be
explained by the forced oscillation. In the following, we will discuss why the
decrease happens.

4.4.2 Explanation of redshift based on LLG equations

The lower redshift frequency under stronger excitation is attributed to the
anharmonic potential energy of the g-AFM mode. The analysis is presented in
the following. The result of LLG equations, Eq. (2-20), is used here,
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4.4 Origin of redshift

LxHy,+B—-L(B-L)-L(B-L+B-1L)+

LxL

- (4-1)

—y(LxHD)xB+y(B-L)L><B—(LxL)><B+2HEyL><Z—‘L’.

V =HgM?—-M-(LxHp+ B)

—Aggl? — A L2+ A (LE + LG + LY.

(4-2)

We can ignore the term of A, here because the value is far smaller than A4,,. In
our experiment, magnetic field B (= BY,) and magnetization M are both
oriented along c(z) axis, and thus only q-AFM mode can be excited. It is
confirmed in Fig. 4-5 where the gq-FM mode (at 0. 37 THz) is absent. As
introduced in section 2.3 that the g-AFM mode corresponds to the swing motion
of vector L perpendicular to a—c(x-z) plane, L can be defined by (Fig. 4-10),

L = (Lycose, Lysing, 0),

(4-3)

where the length L, is regarded as a constant (L,= 1). Because of the vanishing
c-axis component of L, the LLG equations becomes,

g-FM mode: 6
g-AFM mode: ¢

A
\G/
\
\

\b‘

Figure 4-10. The definition of the sphere coordinates of L. At equilibrium state, ¢ is
equal to zero, and @ is determined by the anisotropy interactions. In this experiment,

6 remains at 0.
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4.4 Origin of redshift

% = —L x Hp — BNE, + 2HgyL x 2, (4-4)

By inserting Eq. (4-3) into Eq. (4-4) and using Eqg. (2-19), we obtain the motion
equation of ¢,

¢ = yBNE — y2H3singcosg — 4Hgy?A,,c0s@sing, (4-5)
When we adopt the linear approximation, ¢ behaves as a harmonic oscillator,

¢ = VB'IIYIEZ - VZ(H]% + 4HgAzq) @, (4-6)

and the intrinsic frequency is given by, wipy = Y2 (HS + 4HgA,,), Where
wapm = 2MVarm- The frequency can also be obtained by simplifying Eq. (2-
12). When the g-AFM mode was excited with a large amplitude, the linear
approximation would fail. The potential energy is given in an anharmonic form,

2
WAFM
2

Warm = sin?¢. (4-7)

The restoring forces |— dWypm/de]| in the anharmonic and harmonic potential
energies are |wipysingcosg| and |wipm¢e|, respectively. Obviously, for
nonzero ¢, the restoring force in the anharmonic potential energy is weaker.
Therefore, the period of motion in the anharmonic potential energy (under
strong excitation) is longer than that in the harmonic potential energy (under
weak excitation), which leads to the frequency redshift.

Under the intense excitation, the frequency of the motion equation is solved,
by using energy conservation law, as the function with respect to the oscillation
amplitude ¢, of g-AFM mode,
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4.4 Origin of redshift

Vredmax

max 4
= do| . (4-8)

2 i 2 i

Because the oscillation amplitude of g-AFM mode obtained by experiment can
be evaluated by the peak area F, we assume F is equal to k¢,,.x, Where k is a
constant. vy.qmax 1S plotted as the function of k¢g,,., in Fig. 4-9. It can well
reproduce the decrease of v .qmax Obtained by experiment. Therefore, we can
conclude the anharmonicity contributes to the decrease of the redshift

frequency.

By inserting the experimentally obtained redshift frequency viegmax =
0.53 THz into Eq. (4-8), we can estimate the deflection angle of vector L, ¢4,

Pmax = 34°. (4'9)

The redshift can also be understood using quantum mechanics as shown in
Fig. 4-11. The quantization of the oscillation of magnetic order is called

Energy level of the magnon system:

EN\ /v T\ e
£\ / S d
"\ /4 X 7
@/ AE A\ 7
Eo
@? sin?ep

Figure 4-11. The energy level of the magnon system with a harmonic (left) and
anharmonic (right) potential energy. The number of magnons at the excited state is
defined by N. The black line indicates the total energy of magnons which also refers
to the energy level Ey of the magnon system. The energy gap between adjacent levels
is defined by AE.
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4.5 Origin of the third-order harmonic

magnon. If the oscillation is dominated by a harmonic potential energy
wipm®?/2, the energy level of the magnon system is given by Ey = (1/2 +
N)hwapm, Where N =0, 1, 2... refers to the number of magnons. The energy
of one magnon is a constant Aw 4pm and does not vary with the magnon number.
However, if the oscillation is dominated by w4gysin®e/2, the energy level of
the magnon system is smaller than (1/2 + N)Awspm. Meanwhile, the energy
gap AE between adjacent levels decreases with the increase of N. Therefore,
the energy of one magnon is smaller than hw,gry and decreases with the
increase of N. The similar phenomena were also observed in the lattice system
where the frequency shifts of phonon modes are induced by the strong
excitation of lattice vibration®%,

4.5 Origin of the third-order harmonic

The anharmonic potential energy, Wapm = (1/2)wigysin?e, is also the
reason of the generation of the odd-order harmonics. The phenomenon can be
explained by an analysis shown in the following, which is similar with the
Rayleigh-Schrodinger perturbation theory in quantum mechanics®. We
consider the motion equation of g-AFM mode perturbated by a force as the 6
function,

$ = —wipyCos@sing + A8(t), (4-10)

where A is the perturbation strength. The solution of Eq. (4-10) fort > 0 is
assumed to have the form of a power-series expansion with respect to A,

@ =29 + 2129@ 4+ 139G + ..., (4-11)

Therefore, the terms in Eq. (4-11) proportional to A, A% and A3 satisfy the
following equations separately,
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4.6 Origin of the DC component and second-order harmonic

PP = —wFpme®, (4-122)
PP = —(UE\FMQD(Z), (4-12b)
N 2 3

¢® = —wipm(e® - 590(1) ), etc. (4-12c)

We find that ¢ ™ and ¢® has an intrinsic angular frequency at w gy, and the
frequency of @@ is three times of wapy. If the equations are expanded to
higher orders, the terms oscillating at odd-order multiples of the intrinsic
frequency can be obtained. Therefore, we conclude that the anharmonic
potential energy leads to the odd-order harmonic generation. Further, it is
obvious that the analysis here based on the perturbative approximation (Eqg. (4-
11)) does not explain the redshift of the g-AFM mode, thus indicating the
redshift is a non-perturbative phenomenon.

In addition, Wpym has the inversion symmetry with respect to ¢, and thus is
not responsible for the DC component and the even-order harmonics.

4.6 Origin of the DC component and second-order
harmonic

The DC component and the even-order harmonics shown by An(t) are
attributed to the magneto-optic effect. In our experiment, due to the magneto-
optic effect, the polarization states of probe pulses leaving the sample are
changed by the spin dynamics. The change in ellipticity angle An(t) = n(t) —
Nequilibrium 1S detected, where 1 and nequilibrium are the ellipticity angles
when spin dynamics are excited and not excited, respectively. To describe the
magneto-optic effect, we consider the propagation of the electric field of the
probe light in HoFeOs. The plane-wave equation along ¢(z) axis in the sample®
is given by,

70



4.6 Origin of the DC component and second-order harmonic

E+o K \0%E _ 9%E
( —iKk &— o‘) otz ~ 9z2' (4-13)
My+AM, Lo+ALg
jof - MR 4 g fotile (4-14)

where u, € and o are constants independent of the magnetization. AM,. is the
temporal variation of the c-axis component of the ferromagnetic vector M, and
AL, is the temporal variation of the a-axis component of the antiferromagnetic
vector L. Mg and L, are the amplitudes of M and L at equilibrium (Lo = 1). The
phenomenological parameters f and g represent the contributions of
ferromagnetic and anti-ferromagnetic vectors to the off-diagonal elements,
respectively. Here, we ignored the symmetric terms in the off-diagonal
elements which is the origin of the Cotton-Mouton effect, because this effect is
negligible for the probe wavelength of 800 nm in the rare-earth orthoferrites®®.

The variables AL, and AM, can be written as the functions with respect to ¢.
The function of AL, is given by,

AL, = 1 — cose. (4-15)

The vector M is a slave variable determined by the vector L. According to Eq.
(2-19), we obtain,

AM, = — [—% + Hp(cosp — 1)]. (4-16)

T 2Hg

The THz magnetic near field is ignored, because it is much smaller than Hp.
We found both AL, and AM_ have the term of cosg, where cosg can be
expanded to the even-order terms of ¢, cosp = 1 — @?/2.... Because ¢ is
verified oscillating at the odd-order multiples of the intrinsic frequency, cos¢e
must oscillate at the even-order multiples of the intrinsic frequency and have a
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4.7 Numerical calculations

DC component. Therefore, we conclude that the DC component and the even-
order harmonics shown by An(t) are attributed to the magneto-optic effect.

4.7 Numerical calculations

In the following, we will use numerical calculations to verify the contribution
of the magneto-optic effect to the DC component and the second-order
harmonic. We numerically solved Eq. (4-5) to obtain the dynamics of ¢ and
then inserted the solutions to Egs. (4-15) and (4-16) to obtain the dynamics of
AL, and AM.. Finally, the propagation equation of the probe pulse is solved to
calculate the magneto-optic effect of probe pulse occurring in the sample.

4.7.1 Calculation procedure

In this calculation, the 52-um-thick crystal is divided into 260 cells along c¢(z)
axis, and the variation of polarization of probe pulse in each cell is calculated.
In each cell, the temporal evolution of magnetic field has been prepared by the
FDTD simulation. The z dependence of the peak amplitude of the magnetic
near field, B;“rﬁp(z), Is shown in Fig. 4-12. The spin dynamics have been
calculated by Egs. (4-5), (4-15) and (4-16). Here, a nonlinear damping factor c
Is introduced to the Eqg. (4-5), and thus we obtain,

&+ cop = yBYE — y?H3singcosp — 4Hgy? A ,c0spsing,
(4-17)

where ¢ = 2yHgayc and apc = @y + a1|@/yHp| . The nonlinear term
a,|¢/yHp| can be attributed to the four-magnon scattering process, which is
thought to be the dominant microscopic spin scattering mechanism in a rare-
earth ferrite®. This term is considered to be the reason for the saturation of the
fundamental, SH and TH peak areas at stronger fields as shown in Fig. 4-6.
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4.7 Numerical calculations

The spin dynamics contribute to the permittivity tensor in each cell, and by
using Eq. (4-13) we calculate the propagation of the electric field of the probe
light in HoFeOs. We consider that the electric field E of the probe pulse has the
following form of a plane wave:

E= (g") el(wt=kz), (4-18)

The normal modes of Eq. (4-13) are

1 i
— (a)t—k+Z) -
e (i([‘ N FZ)) ¢ ! (4-19)
n_ = ( ! ) piwt=k_2) (4-19D)
-=lir+vizm™ ’

where k. and k_ are defined as
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Figure 4-12. a, the temporal development of THz magnetic near field at the surface of the
sample and at the center of the coil part of a resonator. b, the spectrum of the curve in a. c,
Depth dependence of the maximum peak amplitude of the curve in a. The HoFeOs surface
including the microstructures is located at z = 0. Figure reprinted with permission from the
reference %, © 2023 Springer Nature under the terms of the Creative Commons CC
BY license.
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4.7 Numerical calculations

ki = szu(s +Vo? + k?), (4-20)

and I' = ¢/ indicates the relative strength of the birefringence with respect to
the magneto-optic effect. Any electric field in the material can be expressed by
a combination of the two normal modes, that is,

E(zy,ty) = a+ (2o, to)ny + a_(zo, to)n-. (4-21)

After the propagation over a distance d, which is the length of one cell, the
electric field becomes,

E(zp+d,ty + 1)
— ei(a)‘r—k+d)a+ (2o, to)My + pilwt—k_d) (2, to)N_

X ay (Zo, to)n+ + eZiada_(Zo, to)n_, (4'22)

where § = (k, — k_)/2 represents the wave-vector mismatch between the
two normal modes. When the probe pulse reaches the HoFeOj3 surface with the
microstructures, it is reflected by the air/HoFeOj interface and then passes
through the sample again. The reflection of the electric field at the surface is
described by,

1-N, 1—N_
1+ N, ™ T TN

E.=r,an, +ra_n_=

1+N,—N_-N_N_
< a,n, +—- *—a_n_, (4-23)
1-N4+N_—-N,N_

where Ny = ck, /w.
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4.7 Numerical calculations

The values of the parameters used in our solution of motion equation and
calculation of magneto-optic effect are those reported in the literature**58%, and
are summarized in the following Table 4-1. We used the values®® of YFeO; as
f and g, because the magneto-optic effect in rare-earth orthoferrites is
determined by electron transitions in Fe—O clusters and is influenced only
slightly by the type of the rare-earth ion. We used the value I" of 26 to obtain
oscillation amplitudes in agreement with the experimental results, which is
similar to the value of 32 in the literature®®. Here, finally, the obtained electric
field E of the probe light is used to derive the major axis b, and minor axis b_
according to the following equation:

by = JIE|? + 2Im(E;E,) £ |/|E|? — 2Im(E;E,) . (4-24)

The ellipticity angle n is calculated by n = arctan (b_/b..).

Table 4-1| The parameters used in our calculation.

Parameter Valug 4898
He 640 T
Hp 14T
Aaa 8.8x1072T
Acc 1.9x1072T
o 2.27 x 10~
o 1x1073
r 26
o 2.7 x 10° rad/m
f 1x10°
g 3x103x el
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4.7 Numerical calculations

4.7.2 Calculation results

We show the results of numerical calculation for different field strengths in
Fig. 4-4, and find that our model reproduces the asymmetric behavior well. The
dependences on the pump amplitude of the three peaks are shown in Fig. 4-6,
and reproduce the saturation behavior well, which indicates that the nonlinear
damping term in Eq. (4-17) is important to the occurrence of the saturation
behavior. The good agreement between the experiment and the calculation
allows us to understand the influence of the magneto-optic effect.

To confirm the origins of DC component, and second-order harmonics, we
fixed cosg = 1 and performed the whole calculation again. We compare the
results based on the conditions (cos¢ fixed and not fixed) in Fig. 4-13. It is
obvious when cosg is fixed to 1, the oscillation waveform is symmetric, and
only the fundamental peak and the third-order harmonic peak can be observed.
When cos¢e is not fixed, the oscillation waveform is asymmetric (DC
component exists) and the second-order harmonic peak can be confirmed. The
comparison verifies that the magneto-optic effect (cose in AM, and AL,) is the
origin of the DC component and the second-order harmonic.

b

— cos @ varing with t —cos¢ =1 —cos¢ varing witht — cos¢ =1

[ = Y
—~ 40 s 10°
()]
[} L =
o <
E 0 5
= [0
< 40 2

L a

| | | | IS
0 10 20 30 40 <
Time delay ¢ (ps) Frequency (THz)

Figure 4-13. Calculation results with cos¢ fixed and not fixed. a, The red and blue curves
are the temporal developments of An with cos¢g not fixed and fixed, respectively. b, The
corresponding spectra of the curves in a.
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4.7 Numerical calculations

4.7.3 Estimation of the magnetization change

The calculated dynamics of AM_./M, and AL, /L, are presented in Fig. 4-14.
As predicted by AM./My, = cosep —1 —¢/(yHp) , AM./M, exhibits an
asymmetric shape of oscillation but a symmetric amplitude: the ring of
oscillation for AM./M, > 0 is sharper than AM_./M, < 0. But, AL, /L, shows
a vertically asymmetrical behaviour, which is predicted by the function of 1 —
cosg. The field-strength dependences of their maximum values (AMM?*/M,,
ALY** /L., and @) are presented in Fig. 4-15. @2 and AMP?* /M, depend on
the field amplitude almost linearly, while ALY#* /L, is a cosine function of the
field strength. The data points indicated by the black arrows in Fig. 4-15
represent the values calculated with the electric fields used in the experiment.
From the results, we determine ¢,,x = 40°, AMP?*/M, = 0.9, and ALY?*/
L, ~ 0.2 at the surface of HoFeOs; for Eqy, = 0.8 MV cm™!. The value
Pmax = 40° is similar as the estimation using Eq. (4-8) and the experimentally

s— MWWy
ED t 0.8 MV cm™’
\u 2 r
3 0.55 MV cm'*
0r . , 02Mvem'
;
0.6 0.8 MV cm
< Il”” 0.55 MV cm™’
%‘u 0.3F .
1
00! ~ 02MVem
0 10 20 30 40

Time delay t (ps)

Figure 4-14. Calculated dynamics of AM./M, (upper panel) and AL, /L, (lower panel)
based on Egs. (4-5), (4-15) and (4-16). The red and green curves are offset for clarity.
Figure reprinted with permission from the reference ®, © 2023 Springer Nature under the
terms of the Creative Commons CC BY license.
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4.8 Effect of THz electric field

Bamp(T)

0 1 2

T T T
AMT™ 11y ¥ =
3
0.8r l 140 <
o * g
Fo2f = ey &
= B o P
3 S 04f s {20 £
Y/ S
'.o. -.6
.. "i_.)
AL 3

0.0 00 | - 40
0.0 0.4 0.8
Erp,(MVem )

Figure 4-15. Calculated Epy, dependence of ¢, (red points), AMX**/M, (blue
points) and ALT@* /L, (green points). The black arrows indicate the results for Ery, =
0.8 MV cm™1,0.55MVcem™ and 0.2MVcm™!, respectively. The solid curves are
guides to the eye. The results are the numerical calculations of Egs. (4-5), (4-15) and (4-
16) at the HoFeOs surface including the microstructure. Figure reprinted with permission
from the reference *°, © 2023 Springer Nature under the terms of the Creative Commons

CC BY license.

obtained redshift frequency v, eqmax. iNdicating the numerical calculation is
rational. The overestimation of ¢, here based on numerical calculation is
possibly due to the overestimation of the amplitude of the magnetic near field

using FDTD simulation.

4.8 Effect of THz electric field

In the following, we exclude the possibility that the asymmetric waveform
Is a result of the THz Kerr effect. The THz Kerr effect is attributed to the third-
order nonlinear susceptibility modified by THz electric field and is magnetism
independent. The signal due to THz Kerr effect should not depend on the sign
of the magnetization, but our measured An induced by THz magnetic near field
depends on the sign as shown in Fig. 4-16a. Here we reverse the magnetization
M along c axis by reversing the bias magnetic field.

To confirm the Kerr effect induced by THz electric field does not depend on
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4.8 Effect of THz electric field

the sign of the magnetization, we performed another experiment. As shown in
Fig. 3-11 in the section 3.2.4, the electric field in the center of the
microstructure is ~0.3 MV cm™! along b axis. In the additional experiment, a
THz electric pulse polarized along b axis with a peak amplitude of about
1MV cm™! was directly incident on a sample without microstructures.
Considering the reflection loss, the electric field of this propagating THz pulse
(not near field) in HoFeO3 is 0.31 MV cm™1. The result of the experiment is
shown in Fig. 4-16b: no oscillating signal is observed other than a very small
double peaks at about 5 ps (the moment where THz pulses arrive at the sample).
The small peaks are due to the THz Kerr effect which tracks the square of the
THz pulse®>%, It is observed that the sign of THz Kerr signal does not depend
on the direction of M. Therefore, we can confirm that the asymmetric wave
form in Fig. 4-16a is not a result of the THz Kerr effect. The mechanism enables
us to determine the time moment when THz pulse arrives the sample.

We can also exclude thermally induced changes in the spin structure. The

Y]

Excited by THz magnetic near field:
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Figure 4-16. Comparison of An between the excitations with THz near field and
propagating THz pulse. The red and blue dashed curves are the ellipticity angle changes
measured for initial magnetizations of +Mo and —Mo. @, The experiment data is excited by
the THz magnetic near field with low pass filter. b, The experiment data is excited by the
THz pulse in free space without filter. Figure reprinted with permission from the reference
% © 2023 Springer Nature under the terms of the Creative Commons CC BY license.
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4.9 Summary

distance between the edge of the probe spot and the solenoid edge which is
heated by the THz current is about 1 um. Due to the small diffusivity of the
iron-oxide insulators'®-192 jt takes tens nanoseconds for the propagation of
Joule heat from the solenoid to the probe spot.

4.9 Summary

In this work, owing to the strong excitation with the THz magnetic near field,
we observed the third-order harmonic of q-AFM mode for the first time. The
observations of the frequency redshift and the third-order harmonic manifest
the anharmonicity of the potential energy of the g-AFM mode, Wypy =
(1/2)wipysin®e . The asymmetric amplitude (DC component) and the
second-order harmonic are attributed to the nonlinearities of the magneto-optic
effect related to the g-AFM mode. All these phenomena indicate that the g-
AFM mode is strongly excited where the vector L oscillates with a large
amplitude in the potential energy. The max deflection angle of L, @ ax, 1S
estimated to be 34 degrees, but the distance between two potential minima is
180 degrees, indicating that the realization of spin switching is still far from
being achieved. The reason is that the barrier between the two minima is too
large in the g-AFM-mode potential energy.

Driving antiferromagnetic vector L out of the equilibrium with a large
amplitude provides a potential method for the field of spin pumpingi®-10,
where the oscillation of vector L in an antiferromagnet is converted to the spin
current flowing into the adjacent heavy-metal layer, which is considered very
important for future applications of ultrafast spintronics. Investigation of third-
order (and higher-order) harmonic of spin dynamics shows a potential that the
spintronics operating in THz range can be controlled with the input signal in
GHz range!®, and also provides a new method for spin-wave computing which
has so far been realized based on the simple interference!’. Beyond enhancing
our understanding of spin nonlinearity and the potential applications of
antiferromagnets, our achievements suggest that our method could serve as a
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4.9 Summary

tool to control the functional properties of solids — such as ferrimagnets,
multiferroelectric materials, and quantum spin systems®-110 __ ysing strong
THz magnetic near fields.
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5.1 Background

Chapter 5 Spin switching driven by THz-
field-modified potential energy

In this chapter, we show that the switching of the magnetic order parameter
can be driven by the THz magnetic-field pulse. The experiment is performed in
Smy 7Ero3sFeO3 near room temperature, the ellipticity angle change of the probe
pulse exhibits an oscillation due to the g-FM mode, and at higher THz magnetic
fields, a large and long-lived offset appears after the first half g-FM-mode cycle.
This indicates that the magnetic order parameter is first driven away from the
barrier between the two potential minima, and then in the subsequent motion,
the magnetic order parameter move towards and crosses the barrier. Our
analysis indicates that a strong and multicycle magnetic-field pulse
dynamically constructs an effective potential of the magnetic system and causes
spin switching. Section 5.1 provides a background on ultrafast control of g-
FM mode and outlines the purpose of this chapter. Section 5.2 introduces the
properties of the samples and describes the experimental setup utilized in this
study. Section 5.3 presents the observed spin dynamics under weak excitation,
along with the phenomena of spin switching observed under strong excitation.
Section 5.4 elucidates the experimental findings, employing the sine-Gordon
equation which is derived from the LLG equations to interpret the results. In
Section 5.5, the relationship between the observed phenomena and Floquet
engineering is explored and discussed. In section 5.6, we discussed the
excitation frequency of the q-FM mode, the dependence of q-FM mode and
spin switching on bias magnetic field, the phenomenon induced by THz electric
near field, the dynamics of magnetic order parameters along three axes, back
switching driven by stronger THz magnetic field and the influence of the
frequency of the THz magnetic field on spin dynamics. Finally, we have a
summary in the section 5.7.

5.1 Background

In contrast to the potential energy of g-AFM mode, the potential energy of
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5.1 Background

the g-FM mode can be modified by temperature. Thus, the barrier between two
potential minima can be adjusted low enough to enable the coherent light-
induced spin switching. Various methods using optical pulses in the range from
NIR to MIR frequencies have been investigated for the excitation of coherent
spin switching. It has been demonstrated by using IFE to generate an effective
magnetic field with a NIR pulse® or by driving the phonon with a MIR light
pulse to modify the anisotropy exchange interaction?’. However, heating effects
cannot be avoided with these methods because they excite electrons or phonons
even without intention. Manipulating spins by using THz pulses has been
considered as a means of spin switching that, because of its low photon energy,
does not involve strongly exciting electrons or phonons.

The spin switching in the potential energy of g-FM mode naturally requires
the excitation of g-FM mode?272, Because when the barrier is low enough the
g-FM mode is at tens GHz, it is impossible for THz pulses to resonantly excite
the g-FM mode. Therefore, exploring new excitation methods using THz pulses
are necessary. It has been shown that the coherent g-FM mode and spin
switching can be triggered by exciting the electronic orbital transitions between
crystal-field-split ground states with the electric component of THz pulses®,
This method is limited by two points: firstly, the material should have electronic
orbital transitions at THz frequencies; secondly, the temperature should be low
enough to suppress the thermal population of the crystal-field-split ground
states, because the thermal population hinders the THz excitation. For
experiments in various materials and temperature ranges, the research about
excitation using THz magnetic fields is essential but has not been explored.

To advance THz-based spin-switching techniques, it seems that we must
search for new methods that can be used for nonlinear manipulation of material
properties. Floquet engineering is such a method!*1* and it has been
intensively studied in relation to electron systems®%115116 Recent theoretical
work has showed that a classical system driven by a time-periodic external field
exhibits dynamically stabilized states''’12° |ike those of quantum systems. In
solid-state spin systems with long-range ordering (e.g. antiferromagnets), the
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5.2 Sample and experiment setup

collective degrees of freedom can be regarded as a classical system. In analogy
as an electron system irradiated by a time-periodic laser electric field and an
inverted pendulum applied by a time-periodic mechanical force, it is reasonable
to predict that the potential energy of the magnetic order parameter can be
dynamically modified by a time-period magnetic field*?!,

So far, however, the lack of sufficiently strong and multicycle magnetic
pulses has hampered such researches. Here, we studied nonlinear control of the
magnetic order parameter of the canted antiferromagnet Smg;ErsFeO3; near
room temperature by using Tesla-class multicycle THz magnetic fields. We
observed spin switching after the first half cycle of the g-FM mode oscillation
and found that this phenomenon can be interpreted in terms of the dynamical
modification of the potential energy of the g-FM mode induced by the strong
multicycle THz magnetic fields.

5.2 Sample and experiment setup

5.2.1 Sample fabrication and properties

The single crystal Smg7Ery 3FeO3 which is fabricated using the Floating zone
method!? is provided by Dr. Nakajima from Osaka University and Dr.
Kurihara from Tokyo University. We fabricated SARs with a thickness of 200
nm (5-nm adhesive Cr layer and a 195-nm Au layer) on the crystal surface by
an electron-beam lithographic process at Nanotechnology Hub of Kyoto
University. The detail of the fabrication method can be found in section 4.2.

At room temperature, the two magnetizations m; (i = 1,2) of the iron
sublattices in Smq7Er,3FeO3 are mainly antiferromagnetically aligned along ¢
axis (with a slight canting angle f,~0.6° due to DMI) and exhibit a
spontaneous magnetization M = (m, + m,)/2 along a axis. In this material,
SRT occurs in the temperature range from T, = 310K to Ty = 330K as
shown in Fig. 5-1, where T, and Ty are referred to as the lower and higher
critical temperatures of SRT, respectively?®. For temperatures T < Ty, L (M) is
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parallel to c axis (a axis), and for Ty < T, L (M) is parallel to a axis (c axis).
The rotation of L (M) from one axis to the other in the temperature range Ty, <
T < Ty occurs in a—c plane. This SRT process can be described by a change in
the potential energy of g-FM mode with T. In the absence of the bias magnetic
field, the potential energy has the following normalized form32334¢;

ab . a .
W= 7511’12 0 + Zsm4 0, (5-1)
4K,y*H T-T
q=—2"E p—_—"H (5-2)
Mge Ty-T
a b
4c =
=
3
o]
m_9 s
>
2
b Q
a 0
L
c d
90 !
N 0.05}
_— : E +
T 45} —
< ;
o] . . 0.00 .
310 330 300 320 340
Temperature (K) Temperature (K)

Figure 5-1. Schematic of spin reorientation transition. a, The orientation of M and L.
b, The potential energy varying with temperature. The arrow above the green curve
indicates the left potential minimum. ¢, The temperature dependence of the angle of
the left potential minimum. d, The temperature dependence of the frequency of the g-
FM mode (curvature of the anisotropy potential).
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where y is the gyromagnetic ratio, Hg is the antiferromagnetic exchange
interaction, Mg, is the magnetization of one Fe3* sublattice, K, is the
temperature-independent anisotropic exchange interaction between the iron
and rare earth ions. The variable 6 is the angle between L and a axis, which is
equal to the angle between M and c axis as shown in Fig. 5-1a. The angular
positions of the two potential minima around 8 = 90° in the temperature range
T, < T < Ty are given by 8, = arcsin v—b and 8 = m — arcsin vV—b. The
potential energy is shown in Fig. 5-1b. We found that as temperature increases
approaching Ty, the curvature of potential minimum at 90° becomes small.
When temperature increases beyond T;,, potential minimum at 90° splits and
the curvatures increase. Then, the potential minima broaden and the barrier
increases with increase of temperature. When approaching Ty, the potential
minima arrive +180° and the curvatures decrease again. Finally, as
temperature continues to increase, the curvatures at +180° increase. The
position of the left potential minimum is shown in Fig. 5-1c and the curvature
is shown in Fig. 5-1d. Because the oscillation of 8 corresponds to the g-FM
mode (the swing motion of M and L in a—c plane), the curvature indicates the
frequency of q-FM mode, wgy = /d2W /d6%. As shown in Fig. 5-1d, the
frequency of g-FM mode becomes zero at T;, and Ty. Therefore, the frequency
of g-FM mode functions as the indicator of the phase-transition temperature.
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5.2.2 Experiment setup

Because the efficiency of THz generation becomes saturated when the pump
pulse energy reaches 3 mJ, to obatin stronger THz pulses, we superpose two
THz pulses generated from single LiNbO; crystal with a finite time interval.
The laser output with pulse energy 7 mJ is first divided into two NIR (800 nm)
beams by using a beam sampler. The weaker NIR beam with 1% of the total
output power is used to probe the sample response. A delay stage is used to
control the delay time between the weak NIR beam and the strong NIR beam.
The stronger NIR beam is furtherly divided into two beams with equal power.
Another delay stage is used to control the delay time between these two strong
femtosecond laser pulses. The two pulses are used to generate two intense THz
pulses ina LiINbOj; crystal as shown in Fig. 5-2 based on the method introduced
in the subsection 3.1.1. This pair of THz pulses is referred to as the THz double
pulse. The THz pulses are focused on the sample by using an off-axis parabolic
mirror with a focal length of 50 mm. The maximum peak electric fields of the
two single-cycle THz pulses before the low-pass filter (< 0.68 THz) were 1.0
MV/cm and 0.75 MV/cm. The filter is also introduced in the subsection 3.2.4.
The time delay At between the two strong femtosecond laser pulses for THz
generation was set to 4.48 ps, which allows us to avoid saturation and a
reduction in the THz generation efficiency. The generated THz magnetic near

Eprobe

Amplified Ti:sapphire laser
Eq, (repetition rate: 1 kHz, Be(asna_;g‘)mer
central wavelength: 800 nm, .

pulse duration: 80 fs,

pulse energy: 7 mJ) Beam sampler
(99:1)

—

LiNbO3

Delay stage

M2plate
Grating

Figure 5-2. The generation of THz-double pulses. Figure reprinted with permission from
the reference®.
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field BYE, is perpendicular to the sample surface and along c-axis as shown in
Fig. 5-3.

The time-resolved Faraday ellipticity measurements is introduced in the
section 3.3. The polarization directions of the THz light and the probe light are
parallel and along b axis. A home-made coil heater was used to increase the
sample temperature. During our pump—probe experiments, the sample was in a
bias magnetic field Bpc of about 2 mT to prepare an initial state where L (M)
Is oriented at the angle 6;. The thermal fluctuation may creat a few magnetic
domains in which L is at 8y, because the temperature of experiment is around
the critical point T_ where the potential barrier is small. However, the
experiment signals at different positions show the same behavior. Thus, it is
reasonable to consider that the experiment signal is an average over different
domains where the domain size is much smaller than the spot size of the probe
pulse (diameter: 1.2 um).

Smy; Eryg;FeOy . A
VVO 1
THz
Low-pass >|'e T.<T<T,
filter ?
| 6.°

b B T = 310K
ol ‘e T<T,

-

- -

Figure 5-3. a, Schematic diagram of the experiment. A SAR was fabricated on a 70-um-
thick Smo7ErosFeQs single crystal to generate a strong THz magnetic field BYY, along ¢
axis. The orientation of M and L in a—c plane defined by 6 is shown in the inset. The grey
area indicates a—c plane. b, The temperature dependence of potential energy. Figure
reprinted with permission from the reference®.
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5.3 Experimental result

5.3.1 Excitation by relatively weak THz magnetic pulse

We investigated the sample response at the beginning by using a moderate
excitation where a single THz pulse is applied to the SAR. The measured
temporal development of An is given by the coloured curves Fig. 5-4a for four
different temperatures. The time moment of THz pulse arriving sample is set at
0 ps by hand in this chapter 5. The difference of these time moments in chapter
4 and chapter 5 comes from the manual setting, and does not indicate that
between the two experiments, there is a time delay of THz pulse arriving
sample. These curves exhibit a superposition of fast and slow oscillations. Fig.
5-4b shows the Fourier spectrum of the An curve for T = 315 K where a fast
oscillation is marked at about 0.545 THz, which is in the frequency range of

a_ 1 b
g ] - +BTN|52
g 0 BNF
~ 3 = —DOTHz
Lng -1 Eu . . . s . — j,q-FM 315K
m ETr
0.2 2
315K p G-AFM
e 311K E
< 01 311K =
i~ <
<]
310K 0L P B
0.0 0 0.5
| 3|07 K Frequency (THz)
0 50

Time delay ¢ (ps)

Figure 5-4. THz-pump-induced ellipticity-angle change An as a function of
temperature. a, Upper panel: the red curve shows the temporal evolution of BY, along
¢ axis, and the black curve shows the inverse pulse waveform (—BYj,) obtained by
rotating the SAR by 180° about c axis. Lower panel: ellipticity-angle change An as a
function of the pump—probe time delay for four temperatures. The curves are offset
for clarity. b, The red curve and the blue shaded area are the spectra of An at 315 K
and BYE,, respectively. The red, green and blue arrows indicate the g-FM mode at
about 0.05 THz, the fast oscillation that follows BYE, (which has a peak at 0.46 THz),
and the g-AFM mode at 0.545 THz, respectively. Figure reprinted with permission
from the reference®.
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the THz magnetic-field pulse. This oscillation peak is attributed to the q-AFM
mode. Besides, another fast oscillation component indicated by the green arrow
in Fig. 5-4b is the forced oscillation which oscillates at the frequency of the
THz magnetic near field. On the other hand, the slow oscillation at about 0.05
THz (red arrow) lies clearly out of the spectral range of THz magnetic near
field BNE,, which indicates a strongly non-resonant character of the excitation
process. This oscillation peak is attributed to the g-FM mode. The g-FM and g-
AFM modes are discussed in the following detailly.

The softening shown in Fig. 5-5a verifies that the slow oscillation is due to
the g-FM mode. The temperature 310 K where the frequency is lowest defines
T1.. We investigated the dependence of the g-FM mode amplitude on the peak
amplitude of THz magnetic near field B} ,: As shown in Fig. 5-5b, the g-FM
mode amplitude exhibits a quadratic dependence on Bg“rﬁp, which is clearly
different from the linear dependence that would be expected for resonant
excitation. The black curve in Fig. 5-4a was obtained using a THz magnetic
near field with an inverse waveform (“—Bry;” in the upper panel) and clarifies
that the sign of the g-FM mode oscillation is not affected by the sign of BY,.
These behaviors cannot be explained by the resonant excitation.

a b
| g-FM 1+ g-FM a]
°° | € | °315K
= 005k, ° E 1 o311k Wi
T I £ 2307 K 9
& ®\ o é o
E + o o g- o g yaY A
o.oof  ° <ops—"
MR RS B | I T S R S S |
310 320 0 1
Temperature (K) Bam, (norm.)

Figure 5-5. a, The temperature dependences of g-FM frequency (upper panel). The
red curves are guides to the eye. b, The dependence of the g-FM mode amplitude on
the magnetic-field peak amplitude B;"nfpfor three temperatures. The solid lines are
proportional to the square of BXNh,. Figure reprinted with permission from the
reference®.
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The frequency of the g-AFM mode is not sensitive to temperature as shown
in the upper panel of Fig. 5-6a. The linear increase of the g-AFM-mode
amplitude for T > T;, is shown in the lower panel of Fig. 5-6a. It is explained
as follows: For T > T;,, the observed q-AFM mode amplitude should be
proportional to cos?8,. The Zeeman torque for the excitation of g-AFM mode
is proportional to the projection of BYE, onto M (leading to the factor cosé),),
and An is proportional to the projection of the radial change of M (L) onto c(a)
axis (leading to another cos@y). Finally, the relation cos?6, =1 — (Ty —
T)/(T;, — Ty) leads to the linear dependence on the temperature. These facts
verify the oscillation is due to the g-AFM mode. The linear dependence on

Bg‘rﬁp shown in Fig. 5-6b verifies that the resonant nature of the excitation.

a__ b
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E 0.56[-9-AFM 1} o-AFM o
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Figure 5-6 a, The temperature dependences of q-AFM frequency (upper panel) and g-
AFM amplitude (lower panel). The blue curves are guides to the eye. b, The
dependence of the g-AFM mode amplitude on the magnetic-field peak amplitude B;"rrfp
for two temperatures. The solid lines are proportional to Bah,. Figure reprinted with
permission from the reference®.
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5.3.2 Spin switching driven by strong THz magnetic pulse

When the excitation is relatively weak (Fig. 5-4), L and M always relax to
the initial potential minimum & . in the double-well potential. To induce spin
switching, we used a stronger THz magnetic near field, and to avoid that the
THz generation reaches the saturation regime, we used a superposition of two
THz pump pulses. When the THz-double pulses are applied with full power,

E_ 1r ¥ THz 1L at13 ps
5] T B — o Exp.
£ 0 --‘H il WA DC :
W ¥ H:M‘:“Mv > 4 £ 0SG (CP+ZT)
LI 2. :
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g g
311K ok
1.00% Brngy , 1 ,
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0.98x BN, Bg‘;pz(norm.)

— Exp. = SG (CP+ZT)

SG: sine-Gordon  CP: coupling
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3 ZT: Zeeman torque - 4L at150ps
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Figure 5-7. a, The time trace of the strong multicycle THz magnetic field (green
curve) generated by irradiating the SAR with two THz pulses (red and blue curves)
separated by a time interval of At = 4.48 ps. b, The experimental data of An at 311
K for different magnetic-field amplitudes B;“rrlfp are shown by the red curves. The
black curves show the predictions for Acosé = cosf — cos@;, based on the sine-
Gordon equation including fluctuations. The results are offset for clarity. The two
black arrows at the bottom of the figure indicate the time delays of 13 ps and 150 ps.
¢, The amplitudes of the experimental and theoretical data in b at 13 ps as a function
of Bn,” (upper panel) and those at 150 ps as a function of BJi7,? (lower panel). The
red open circles and black open squares represent the experimental results and the
results predicted by the sine-Gordon equation including fluctuations, respectively.
The max amplitude of THz magnetic near field BRE, used in the sine-Gordon
equations is 1.45 T. This value is 41% of 3.53 T which is calculated by FDTD
simulation using the practical incident THz electric pulse with max power. Figure
reprinted with permission from the reference®:.
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the max value of peak amplitude B;“rﬁp can be achieved and is indicated by

NF
Bmax-

Figure 5-7 shows the sample response with different values of B;“rﬁp atT =
311 K, where the potential barrier between the minimum at ¢ and that at &
Is relatively small. In the range t > 20 ps, a large offset towards positive A7
value emerges as B§r§p Is increased. As shown in Fig. 5-7b, the offset at about
150 ps steeply grows after BY1, exceeds a critical value.

To characterize the dependence of the g-FM mode amplitude on Ba{“rgp, we
plot the experimental values of Az at 13 ps versus Bg“rﬁpz in the upper panel of
Fig. 5-7c. The quadratic dependence on B;“nfp Is evidence of a nonlinear
excitation process. To evaluate the threshold behavior of the offset at t > 20 ps
quantitatively, the experimental values of Az at 150 ps are plotted in the bottom
panel of Fig. 5-7c. The obtained result is obviously steeper than that of the g-
FM mode amplitude at 13 ps. Furthermore, as temperature is varied, the offset
att> 20 ps changes drastically (Fig. 5-8), indicating that this offset only appears
when the barrier at 8 = 90° is small enough.
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Figure 5-8. The time traces of Az obtained at different temperatures in the range
from 307 to 315 K using the strong multicycle THz magnetic field. The black curves
show the predictions for Acosf = cosf — cosf;, based on the sine-Gordon equation
including fluctuations. The curves are offset for clarity. Figure reprinted with
permission from the reference®’.
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The existence of critical value of ngp as well as the drastic temperature
dependence are the clear evidences that L and M overcome the barrier and
move into the second potential minimum. The spins switched by the THz
magnetic near field relax to the initial potential minimum before the next pump
pulse arrives (after 1 ms). Besides, according to the other study where similar
spin switching was achieved using the laser source with the repetition rate of 3
kHz3, | can speculate that the lifetime of the switched state (offset) is less than
0.3 ms. The spins are switched back to the initial potential minimum not only
due to thermal fluctuation®?3, but also because the exchange interaction with
spins outside the newly created domain assists in switching the spins inside the
domain back. The excess energy when spins are switched back to the initial
potential minimum is finally transferred to acoustic phonon though various
walys such as four-magnon scattering® and magnon-phonon interaction?4,

Spin switching results in a final orientation of L and M that is different from
the initial orientation, and thus provides information about the physical
meaning of the “downward” in the range t < 20 ps. We have shown in section
4.6, the observable An is determined by an odd function of AL,(AM_). The
opposite sign of An reflects the different direction of motion of AL, (AM,).
Therefore, the observed switching process (An > 0) clarifies that the initial
“downward” movement (An < 0) corresponds to the motion of L away from
the barrier at 90°.

With this information, we can analyse the details of the observed switching
by dividing the Az curve into three regions as shown in Fig. 5-9. The magnetic
near field is shown in grey for comparison. Before pumping, L has an
orientation according to the equilibrium condition (6=6.). When the system is
exposed to the strong THz magnetic field, L is driven from the initial minimum
to the +a direction (process 1 in Fig. 5-9; the rotation of L indicated by the
orange arrow leading to < &), which results in the “downward” movement
of An. After the envelope of the THz magnetic field has decayed sufficiently,
L starts to move back to the original minimum, and as a result of “inertia”, it
will pass the minimum at &, and proceed towards the barrier at &= 90° (process
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2; L behaves according to the law of inertia?® due to the coupling between the
sublattice spins). If the initial driving process is strong enough, L can overcome
the barrier and then, through dissipation, it relaxes to the minimum at ég
(process 3). This leads to the observed large positive offset in A.

We emphasize that process 1 describes a rather unexpected phenomenon: L
Is initially driven away from the barrier (fbecomes less than 8). This peculiar
initial motion is in stark contrast to the results of previous investigations that
used optical pulses or THz electric pulses to trigger spin switching?2"%; in all
previous reports, L was initially driven towards the barrier. In other words, the
signs of An at the initial and final stages of the switching process were the same.
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Figure 5-9. The schematic of the spin switching. The spin switching is divided into
three-time ranges, and the motion of L in each range is illustrated above the curve.
The motion of L in the potential energy is shown in the right panel. Figure reprinted
with permission from the reference®!.
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5.4 Theory based on LLG equations

To investigate what leads to the initial slow motion of L away from the
barrier, we derived the sine-Gordon equation from the two-sublattice LLG
equations, and then rewrote the sine-Gordon equation by using effective
potential. The consistent results of direct solution and the solution with the
effective-potential approximation indicate, that the potential of the system is
dynamically modified by the multicycle THz magnetic near field. This
mechanism is similar as Floquet engineering which is often studied in the
electron systems.

5.4.1 Derivation of the sine-Gordon equation

The result of LLG equations Eq. (2-20) is used here,

LxHy+B—LB L)~ L(B-L+B-1)+="=

—yY(LXHp)XB+y(B-L)LXB

—(Lx L) x B+ 2HgyL x =, (5-3)
_AaaLgl _ACCL% +A4(L‘ct1 + Lzlg + L‘é)’ (5'4)

where Hyp, is the Dzyaloshinskii—Moriya interaction oriented at b axis. A4, Acc
and A, are anisotropic interactions which characterize SRT. A.. depends on
temperature. We describe L by using sphere coordinates as shown in Fig. 5-10,
L = L(cosOcosg, cosfsing, —sinf). We define L = 1. Because the g-FM
mode is the motion of L in a—c plane, the b-axis component of Eq. (5-3)
characterizes the g-FM mode, and is given by,
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6 + ch = —x(Bpc + BN, (t))sind
—asinfcosf(sin%6 + b)
+2yBYE (t)@cosOsind + yBNE (t)pcosOsing, (5-5)

Aga—Acc—24A
a = 4Hgy?(44,), b = P20y =y 2y, (5-6)

where the small terms are ignored, such as @sing, ¢2, 8¢ and Osing. The
damping factor is added later according to the literature™, ¢ = 2yHgay 6. @i
is the Gilbert damping which is attributed to the four-magnon scattering %, as
well as the magnon-phonon interaction'?*. This is the sine-Gordon equation
with respect to 8 considering the coupling to the q-AFM mode which is
depicted by ¢. On the right-hand side, the first term is the Zeeman torque of
the external magnetic field including the bias magnetic field Bpc and THz
magnetic near field BYS, (t). The second term is the torque due to anisotropy
interaction. The third and fourth terms are the torques due to coupling!?®. The
parameters a and b describing the anisotropy interaction are equivalent with
those by using the critical temperature of phase transition,

4K,y?Hg T-Ty
a=———D>b= .
Mge Ty—-T.

(5-7)

q-FM mode: ¢
g-AFM mode: ¢

\\\ ”"’ ’é’
Qﬂ 777777 R
! b

Figure 5-10. The definition of the sphere coordinates of L. At equilibrium state, ¢ is
equal to zero, and 6 is determined by the anisotropy interactions. Figure reprinted with
permission from the reference®?.
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Because the g-AFM mode is the swing motion of L perpendicular to a—
plane, it is described by the a-axis and c-axis components of Eq. (5-3). The two
components are added together,

@cosl + cpcosh =

—wipm@cosd + yBYE (t)cosd — 2yBNE. ()0sind,

(5-8)
wipm = Y2H3 + y?HpBpccosf — y?B3csin%6
+4Hgy?(A,,c08%0 + A,.sin%0)
—8Hgy?A,(sin*8 + cos*0), (5-9)

where the small terms are ignored, such as 8sing, ¢?sing, 8¢ and Osing. The
damping factor ¢ = 2yHgay g 1s added later. The first term on the right-hand
side of Eq. (5-8) indicates the intrinsic frequency of the q-AFM mode
determined by the various exchange interactions. The second and third terms
are the Zeeman torque of THz magnetic near field and the coupling to q-FM
mode, respectively.

We numerically solved the Eq. (5-8) by ignoring the coupling term and then
employed the results to numerically solve the Eq. (5-5). It is reasonable to
ignore the coupling term in Eq. (5-8) because it is very small. The values of the
parameters are shown in Table 5-1 which are taken from the previous studies,
and are adjusted by fitting the frequencies of the q-AFM and q-FM modes. We
compared the numerical solutions of the LLG equations Egs. (2-3) — (2-5), with
the sine-Gordon equation Eq. (5-5). We found that they lead to very similar
results as shown in Fig. 5-11. It confirms that the Egs. (5-5) and (5-8) are correct.

98



5.4 Theory based on LLG equations

SG: sine-Gordon CP: coupling ZT: Zeeman torque
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Figure 5-11. The experimental results An, calculational results Acosé using the LLG
equations and the sine-Gordon equation. To compare with experimental results, all
calculation results are scaled by the same factor. Figure reprinted with permission from
the reference®.

Table 5-1| The parameters used in the calculations of the two-sublattice LLG
equations Egs. (2-3) — (2-5) and the sine-Gordon equation Eq. (5-5).

Parameter Valug#%
Hy 650 T
Hp 135T
Y 1.76x10* rad/(s-T)
LG 0.675x10°3
Ang 76x10°3 T
A (311K) 77.6x10° T
A, 91.7x105 T
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5.4.2 Numerical calculation of sine-Gordon equation

To verify that the g-FM mode and the spin switching can be described by the
sine-Gordon equation, Egs. (5-5) and (5-8) is numerically calculated. After
calculation, we obtain temporal development of 6 (g-FM mode) and ¢ (g-
AFM mode). We can use the calculation results Acos6 to explain the motion of
g-FM mode exhibited by experimental results An (detail is discussed in the
section 5.6.4).

We find that the experimental results Figs. 5-7 and 5-8 can be reproduced by
the numerical calculation based on the sine-Gordon equation Eq. (5-5)
including fluctuations as shown by the black curves (the influence of thermal
fluctuations and magnetization domains are explained in Appendix Al).

The max amplitude of THz magnetic near field BNE. used in the LLG and
sine-Gordon equations is 1.45 T. This value is 41% of 3.53 T which is
calculated by FDTD simulation using the practical incident THz electric pulse
with max power. The possible reason of the difference is considered that the
gold deposited on the sample surface may have imperfections thus leading to a
relatively low conductivity.

Then, we investigated the strength ratio between the Zeeman torque and the
coupling term in Eqg. (5-5). The Eg. (5-5) was numerically solved by
considering either the Zeeman torque or the coupling term as shown in Fig. 5-
12. The coupling term and the Zeeman torque both induce the downward slow
motion at the beginning. The contributions from the two terms are shown in
Fig. 5-12b where the amplitude of slow motion at 13 ps is plot, and we found
that the coupling is about 4 times larger than the Zeeman torque. Besides, as
shown by the amplitude at 150 ps, we found that near the threshold, the two
terms are both necessary for the spin switching.

We verified that the g-FM mode and the spin switching can be described by
the sine-Gordon equation. But, the physical mechanism for the peculiar motion
of L away from the barrier at the beginning has not been uncovered.
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Figure 5-12. Three-step spin switching via a dynamically stabilized state. a, The
temporal evolution of Ay at 311 K is shown by the green curve, and the solution of the
sine-Gordon equation is shown by the black curve. The red and blue curves show the
results of calculations only considering the coupling term or the Zeeman torque,
respectively. The spin switching is divided into three-time ranges, and the motion of
L in each range is illustrated above the curve. The black vertical arrow at the bottom
of the figure indicates a time delay of 13 ps. b, The amplitudes of the slow motion of
theoretical data in a at 13 ps as a function of Bjif,* (left panel) and those at 150 ps as
a function of B;“nfpz (right panel). ¢, The variation of the potential and the motion of L
at four conditions: before BYE is applied, during the time when BYj, exhibits a large
amplitude, soon after the peak of BY,, and the following spin switching. Figure
reprinted with permission from the reference®.
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5.4 Theory based on LLG equations

5.4.3 The sine-Gordon equation with effective potential

To understand the peculiar motion of L away from the barrier at the
beginning, we consider a dynamical modification of the potential energy. We
analytically solved the sine-Gordon equation by replacing the potential energy
interacting with the fast-oscillating magnetic field with a “time-averaged”
effective potential that varies with the envelope of the field. It can be obtained
in two steps.

Firstly, the effective potential energy contributed by the coupling is
introduced which is obtained by transforming Eq. (5-5) to an equation including
only one variable 8. To do that, the Eq. (5-8) is analytically solved. Because the
amplitudes of g-FM mode in both experiment and numerical calculation obey
the quadratic dependence on amplitude of THz magnetic near field, the
coupling term in Eq. (5-8) can be ignored and 8 can be regarded as a constant.
By assuming the THz magnetic near field having a very slow-varying envelope,
BYE (t) = BNE (t)cos(wt), Eq. (5-8) is solved,

@cosf = Qapm(t) sin(wt + p), (5-10)
—ywBYE, (t)cos8

\[(wzz-\FM_“)Z)Z"'(“)C)Z’

Qarm(t) = (5-11)

22
p = arccos ( (Wapm—?) ), (5-12)

\/(wzz-\FM_‘“z)z"‘(‘“C)z

where the phase delay p is caused by finite damping. Then by inserting Eq. (5-
10) into Eq. (5-5), we obtain,
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5.4 Theory based on LLG equations

6 + c6 = —y(Bpc + BN, (£))sind — % (b + sin?0)sin26
+ywBNE (£)Qarm (t)sin@(% cos(Qwt +p) + %cosp).
(5-13)

The third term of Eq. (5-13) is the effective potential energy contributed by the
coupling.

Secondly, we apply the analysis in analogy with the Kaptiza pendulum to Eq.
(5-13) due to the similarity of equations. The term oscillating at 2w can be
ignored, because after applying the analysis it would become very small (and
it also induces the dependence higher than the second order on THz magnetic
near field, which is not observed). Eq. (5-13) is rewritten by,

6 + c6 = —y(Bpc + BN, (£))sind
—= (b + sin?6) sin(26)

—W.pBNE *(1)sin(26), (5-14)

2. 20,2 _ 2
— Yy w ((‘)AFIV; w ) ) (5_15)
4((wapm—w?2) +(wc)?)

l‘UC p

When our THz magnetic pulse at frequency of ~ 0.46 THz is applied, the
motion of 8 consists of two components: a slow motion determined by the
potential energy, and a fast motion that is directly related to the instantaneous
THz magnetic field: In analogy with the Kapitza pendulum (Appendix A2), 6

can be decomposed into a fast component and a slow component,

0 = Ogast + Osiow- (5-16)
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5.4 Theory based on LLG equations

Hereafter, we consider the relatively high-frequency regime which is defined
as the regime where w > ¢ and w? > ab/2, ‘PchenV (t) holds. 6y, follows
the forced oscillation of the magnetic pulse, and we assume that its magnitude
is small, i.e., |Of,5t] <K 1. On the other hand, the time scale of the motion of
O410w 18 significantly longer than the period of the THz magnetic pulse, and
therefore, the motion of 6., is affected by the average of the fast oscillation
of BYE and 0, By using an expansion in powers of 8¢, and calculating the
temporal average, we derive the following approximate equations of motion:

éfast + Cgfast = _XSingslowBelz\LP\‘/(t)cos(wt) + O(szast)’ (5-17)

éslow + Céslow = _Xcoseslongan(t)(Cos(wt)gfast>‘r
+[{ab + 29BN (©) sin(26510u) — 22 5in(404100)

+a Sin(zgslow) Sinz Hslow + XBDC sin 9510W]<0fzast>‘r
_XSineslowBDC —2 (b + Sinzeslow)Sin(Zeslow)

_"UCPBenv (t)SIrlzeslow + O(Hfast) (5'18)

Here, (:--), =1/t fHT -~ Is the temporal average over a single oscillation

period of BYY,, T = 2m/w, and we used the following assumptions: (a)
(Ofast)r = (Ofast)r = (Brast); = 0 and (b) the change in BNE (t) proceeds
much slower than that of the ac field oscillation. Therefore, we treat BN (¢) as
a constant within each temporal period for averaging, that is, (BYE (t)), ~
Beny (0).

Eqg. (5-19) shown below describes the analytical solution for 8¢, which
oscillates with the same frequency as the THz magnetic field. By substituting
Eqg. (5-19) for 6, into Eqg. (5-18), the equation of motion for 6., can be
rewritten as shown in Eq. (5-20).
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5.4 Theory based on LLG equations

; NF
Bpast ~ Lmrston?ev(® o5 (), (5-19)
. . ) a _ _
Hslow + Cgslow = _XSIHQSlOWBDC - E (b + Sln2 Qslow)SIH(Zeslow)

2 . 2 .
_I‘UZTB(l,\In}i/ (t)snl(zeslow) - SUCPBgInli/ (t)SIH(nglow)

_ OWesr )
B aeslow, (5 20)
4-H2
Yo = 2. (5-21)
2,.2(,2 2
Yep = y2w?(wipm—w?) (5-22)

N 4-((a)f.‘FM—a)2)2+(a)c)2)'

Eqg. (5-20) describes the motion of 6., including the effect of the THz
magnetic pulse, and the right-hand side can be seen as the driving force. The
second-order terms of BNE, come from the first and the fifth terms on the right-
hand side of Eq. (5-18). The effective potential for 6, IS given by the
integration of the force, as shown in Eq. (5-23):

Weff(eslow) = WO (leow) + WZT(Qslow) + WCP(HSIOW)1 (5'23)

b . .
WO (leow) = %Slnzgslow + %Sln4gslow - XBDCC059510W1 (5'24)

)(ZBylfvz(t)sinZQS ow
WZT(HSIOW) = tw? : ) (5'25)
2,2(,.2 __ 2\pNF 2 2
WCP(es]ow) — Yy w (wAFM w )Benv (t)sin Qslow. (5_26)

4(03pp-2)° +(@C)?)

W is the effective potential written as the sum of the potential at equilibrium
W, and the additional term Wzt as well as Wcp which represents the change in
the potential that occurs when the spin system is exposed to the time-periodic
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5.4 Theory based on LLG equations

THz magnetic field BXE,. W2t and Wcp are due to the Zeeman torque directly
exerted by the THz magnetic near field and the coupling between the THz
magnetic near field, the g-AFM and g-FM modes, respectively. wapy IS the
frequency of the g-AFM mode. When the frequency of the time-periodic
magnetic field was approaching the g-AFM resonance, the potential
modification would be greatly enhanced.

We can unify the contributions from the pure THz magnetic field (¥,r), and
from the mixture of THz magnetic field, the g-AFM mode and q-FM mode
(Wcp). Due to the torque M x BYE_ (the first term on the right-hand side of Eq.
(5-5), M x BYE o sindBXE.), BYE, excites the fast-swing motion of L in a—c
plane (k) Vvia forced oscillation synchronized with BYE,. In turn, the fast
oscillation of &, modifies the torque dynamically, because of M x BY,
BYE sin (Bg,s + Os10w). Finally, the time average of Orn.sBYNG, induces a DC
(or accurately, slowly-varying) component and thus excite the slow pendulum
motion of L. Similarly, because of the torque M - BYE, (the second term on the
right-hand side of Eq. (5-8), M - BYE « cos@BXE.), the fast oscillation of the
amplitude of M (g-AFM mode) is excited via forced oscillation with the same
frequency as BYE,. In turn, the fast oscillation of the amplitude of M (the third
term on the right-hand side of Eq. (5-5), AM o |L x L| « ¢cos8) modifies the
torque M x BYE_ dynamically (the third term on the right-hand side of Eq. (5-
5), M x BYE, o« sindBXE.). Therefore, the time average of MBXYE, induces a
DC component and thus excite the slow pendulum motion of L.

5.4.4 Physical mechanism of spin-switching excitation

The excitation of spin switching can be understood as follows. As shown in
the schematics of Fig. 5-12c, before the THz magnetic field is applied, Wes is
equal to W, and thus W exhibits a double-well shape with a small barrier
centered at 8 = 90° (the barrier height is denoted by h and the left potential
minimum is at 8, = 75°). In process 1, the strong periodic THz magnetic near
field modifies the potential significantly (Wesr = Wo + Wzt + Wep): the new
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5.4 Theory based on LLG equations

minimum, &\ rioq, reaches values well below the initial local minimum &, and
the barrier height at the center, hgoq, becomes much larger than h. Thus, as
indicated by the orange arrow in process 1, the change in the slope of Wes
causes a rotation of L away from the barrier, and this explains the observed
peculiar “downward” movement of Azx. When the strong magnetic field
disappears, the potential energy returns to Wy, and L is not located at its
equilibrium position, and then a free oscillation of L starts (process 2) due to
inertia effect. When L has been driven sufficiently far away from the barrier
during process 1, L can accumulate enough “kinetic energy” and thus spin
switching can be achieved in the following inertia motion of L (process 3). The
term “kinetic energy” refers to 82 /2, since the equation of motion contains the
term 6, which corresponds to the acceleration term in Newton’s equation of
motion with unit mass?.

Finally, on the basis of the driving force of the slow oscillation (this force is
determined by the effective potential as shown in Eq. (5-20)), a quadratic
dependence of the slow component of Az on By, can be obtained (The
process of derivation, carried out by Mr. Kanega and Dr. Sato from Chiba
University, is presented in the Section XI of Supplementary Information of the
reference®’.), which is consistent with the observed quadratic dependence of Ay
in Figs. 5-5b and 5-7c.

545 Comparison between sine-Gordon equations
without/with effective-potential approximation

Finally, we verified that the obtained sine-Gordon equation using effective-
potential approximation Eq. (5-20) ( SG (W) ) 1s valid by comparing its
numerical solutions to the sine-Gordon equation Eq. (5-5) without the
approximation ( SG).
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Figure 5-13. The calculational results of the sine-Gordon equations including the
thermal fluctuation. The curves in a and b are the results of the sine-Gordon equation
Eqg. (5-5) and the sine-Gordon equation with effective-potential approximation Eq. (5-
20), respectively. The amplitudes of the slow motion at 13 ps and at 150 ps are given
in ¢ and d, respectively. Figure reprinted with permission from the reference®.

The numerical solutions of SG (W,¢r) is shown in Fig. 5-13b. Because the fast
oscillations are averaged in the derivation process, we cannot observe the fast
oscillations. They exhibit the same slow motions as the results of SG in Fig. 5-
13a. The amplitudes of slow motion at 13 ps based on the two questions are
shown in Fig. 5-13c. We found that the two equations almost lead to the same
results which verifies the effective-potential approximation is reasonable. It
indicates that effective potential W, can be used to explain the excitation of
the slow motion.

However, as shown in Fig. 5-13d, SG (W,¢f) requires a higher field amplitude
to achieve spin switching than SG. The main reason can be explained by using
Fig. 5-14. In Fig. 5-14a, we compared the results of SG with pump amplitude
1.45 T and SG (W,gr) with pump amplitude 1.53 T. To better observe the slow
motion, the result of SG is filtered to exclude the fast oscillation. We found
although at 13 ps, the slow motions have the same amplitudes, the curve of SG
finally overcomes the barrier, but another one cannot overcome the barrier. It

is because, as shown by the first-order derivative with respect to time, from 13
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Figure 5-14. The curves in a are the calculational results and corresponding time
derivatives obtained by solving the sine-Gordon equation Eq. (5-5) and the sine-Gordon
equation with effective-potential approximation Eg. (5-20) including the thermal
fluctuation. The curves in b are square of envelope used in Eg. (5-20) and the DC
component of BYE ¢ used in Eq. (5-5). The shaded area refers to the time range from 13
ps to 17 ps. The motion of L in potential between 0 ps and 17 ps is shown in (c). Figure
reprinted with permission from the reference®.

ps to 17 ps, the speed of L moving right in the potential predicted by SG (W)
gradually becomes smaller than that of SG.

In the derivation of SG (W¢), the amplitude of ¢ is assumed to completely
vary with BYE, | thus the DC component of the term ¢BYY, finally is
proportional to the square of BYY,. But in fact, a little deviation exists as shown
in Fig. 5-14b and is included by SG. In the time range from 13 ps to 17 ps,
|¢BTN£Z|SIOW decreases faster than (BN )2, and leads to the smaller potential

modification. Therefore, |</')BTNI§Z w in SG causes the smaller resistance for L

|slo
moving right as shown in Fig. 5-14c¢ (the force due to the additional potential
energy is proportional to —sin26y;,.,, Which is a negative value and pushes L

towards left side.), and makes the spin switching easier.

In summary, although SG (W,s) and SG lead to a little difference in
switching threshold, using the effective potential to predict why and how large
the slow motion is excited is still reasonable.
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5.5 Relation to Floquet engineering

5.5 Relation to Floguet engineering

The consistent results of direct solution and the solution with the effective-
potential approximation indicate that the potential energy of the system is
dynamically modified by the multicycle THz magnetic near field. This
mechanism is similar as Floquet engineering which is often studied in the
electron systems*2®,

In our work, a DC component is introduced to the potential energy during
the process where the magnon (a quasiparticle that represents the quanta of spin
dynamics in a magnetic system.) is excited from the ground state to the virtual
state and then drops back to the ground state. If the virtual state is near a real
energy level (Q-AFM mode), the excitation into the virtual state will be
enhanced and thus the DC component will become larger. This is the similar
process depicted in the Floguet engineering where a system interacts with the
time-periodic external field by absorbing one Aw photon and simultaneously
emitting one Aw photon!?’. According to the Floquet theory, this interaction
process generates a DC component to the effective Hamiltonian of the system.

Importantly, at the actual high-frequency limit where the frequency of the
THz magnetic field is far higher than those of the g-FM and g-AFM modes, the
effective potential energy in Eq. (5-23) is same as that obtained by the method
of Floquet-Magnus expansion!?’ (The process of derivation, carried out by Mr.
Kanega and Dr. Sato from Chiba University, is presented in the Section X of
Supplementary Information of the reference®). Therefore, we can conclude that
the effective potential is the result of the Floguet engineering driven by the
multicycle THz magnetic field.

5.6 Discussion

5.6.1 Response as the function of the pump-pump delay

To further verify the excitation mechanism of q-FM mode, we performed the
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Figure 5-16. Experimental results for different delay times At between the two pulses of
the THz double-pump pulse. a, The temporal evolution of the ellipticity-angle change at
315 K. b, The corresponding spectra, where the frequencies of the q-FM mode wgy and
the g-AFM mode w gy are indicated. ¢, The observed peak amplitudes of the g-FM mode
(blue squares) and the g-AFM mode (red circles) extracted from the data in b. The blue and
red curves are the calculation results by numerically solving the LLG equations. Figure
reprinted with permission from the reference®:.

experiment by varying the pump-pump delay At of THz double-pump pulses as
shown in Fig. 5-15. For better observation of both the g-FM and q-AFM modes,
the temperature is set 315 K. The temporal evolutions of An (t) for excitation
using different values of At are shown in Fig. 5-16a, the corresponding spectra
are shown in Fig. 5-16b and the amplitudes of the g-FM and the g-AFM modes
are shown in Fig. 5-16¢. We find that the amplitudes of the q-FM and g-AFM
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modes as the functions of At can be well reproduced by the numerical
calculation using the LLG equations.

In the double-pump experiment, the amplitude of a response varies with
pump-pump delay At due to the interferences. The interferences have two
origins. One is the interference between the responses which reflects the
frequency of the response. And another one is the interference between the
double-pump pulses at a specific frequency which is responsible for the
excitation of the response. The interference period of the latter one reveals the
excitation frequency of the response.

The frequency of the g-FM mode is about 0.05 THz, thus the interference
period between two q-FM modes is 20 ps. Due to the large damping effect, the
first type of interference cannot be observed in this experiment. Therefore, the
interference period reveals the excitation frequency of the g-FM mode. As
shown in Fig. 5-16c, the period 2m/w in the At axis of the g-FM mode
indicates that both the Zeeman-torque term W, and the coupling term Wp are
contributed by the forced oscillations which are expressed by Egs. (5-10) and
(5-19). In the calculation, we used wappm/2m = 0.54 THz , wgy/21 =
0.05 THz at 315 K and w/2m = 0.46 THz.

5.6.2 Reversal of bias magnetic field

To verify that the initial state does not influence the behavior of the slow
motion and spin switching, we reverse the bias magnetic field to change the
initial state of the magnetization. As shown in Fig. 5-17, L can be either
initialized at ;, or 8, depending on the direction of Bpc. The signs of An of
both the slow oscillation and spin switching are reversed in these two cases, but
in either case L is initially driven away from the barrier, which supports our
analysis based on the effective-potential approximation.
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Figure 5-17. Opposite initial states of magnetization. The initial direction of L with
respect to a axis is determined by the direction of bias magnetic field Bpc as shown
in the left panel. For both single THz-pulse pumping and THz double-pulse pumping,
the signals are reversed if the initial direction is changed from 6, to 6. Figure
reprinted with permission from the reference®:.

5.6.3 Influence of THz electric field

To investigate the influence of the THz electric field on An, we fabricated a
gold bow-tie antenna® with a gap of 4 um (Fig. 5-18), which can only generate
a THz electric near field. The predicted peak amplitude of THz electric near
field at the center of the gap exceeds 1.3 MV/cm, which is much stronger than
the THz electric near field in the spiral microstructure. The angle between the
short edge of the antenna (along x axis in Fig. 5-18b) and b axis of the material
is 30° to ensure that both the electronic orbital transitions®>* and the THz
inverse Cotton—Mouton effect!?® can be induced by the THz electric near field.
The experimental conditions were same as those mentioned in the above
sections (the sample temperature was 315 K, where the excitation of both the
g-AFM mode and the g-FM mode is possible). The ellipticity-angle change
probed at the center of the gap is shown in Fig. 5-18c, which evidences that the
THz electric near field cannot excite the g-AFM mode and also not the g-FM
mode near room temperature. The observed rapid oscillation in the time range

113



5.6 Discussion
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Figure 5-18. Experimental results obtained using a THz electric near field. (a)
Schematic of the gold bow-tie antenna on Smo.7Ero3FeO3. The polarization direction
of the incident THz electric field is parallel to the antenna extension and the probe
pulse is polarized along b axis of Smo7Ero3FeOs. (b) Photograph of the fabricated
gold bow-tie antenna. (c) The temporal evolution of the ellipticity-angle change
induced by a THz electric near field for different directions of Bpc at 315 K. The
initial direction of L with respect to a axis is determined by the direction of Bpc.
Figure reprinted with permission from the reference®?.

t < 25 ps is due to the THz Kerr effect3®®®, which does not depend on the
direction of the bias magnetic field Bpc.

5.6.4 Dynamics of M and L along three axes

After calculation of Egs. (5-5) and (5-8), we obtain temporal development of
6 (q-FM mode) and ¢ (q-AFM mode). Acos# is used to explain the motion of
g-FM mode exhibited by experimental results An. The rationality is explained
in this section. As discussed in section 4.6, the magneto-optic signal An reflects
the dynamics of AM, and AL,. AM, and AL, change due to the g-AFM and g-
FM modes. We will show that the g-FM-mode components of AM, and AL,
can be expressed as the function of Acos6.

The dynamics of all components of M and L are calculated using LLG
equations (Egs. (2-3) — (2-5)) and are shown in Figs. 5-19a and b, where the
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fast and slow motions refer to the q-AFM and g-FM modes, respectively.

We found that during motion, for both the vector M and L, the b-axis
components are very small: |[My,/M,|,|L,/Lo| < 0.15 (M, and L, are the
lengths of M and L at equilibrium, respectively). Therefore, the projected
lengths of M and L in a—c plane are almost same as the vector lengths of M and
L, respectively. In addition, we know that the g-FM mode is described by the
swing motions of M and L in a—c plane. We will verify that the swing motions
of M and L in a—c plane can be described by using only one angle. We compare
the dynamics of the angle 6,,, (between the component of M in a—c plane and
c axis) and the angle 6;,, (between the component of L in a—c plane and a axis)
as defined in Fig. 5-19c. The results in Fig. 5-19d show that the dynamics of
6, are equivalent to those of 6,,,,. Therefore, we can conclude that the use of
6 is sufficient to describe the swing motions of M and L in a—c plane.
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Figure 5-19. Comparison between all components of M and L calculated by the LLG
equations, Egs. (2-3) — (2-5). a, The time traces of M, /M, (red curve), M, /M, (green curve)
and M./M, (blue curve). M, is the amplitude of M at equilibrium. b, The time traces of
Ly/Lo, Ly/Lyand L./Ly. Ly is the amplitude of L at equilibrium. ¢, The definitions of Oy
and 6;y. The former angle is the angle between the component of M in a—c plane and c axis.
O.v Is the angle between the component of L in a—c plane and a axis. d, The time traces of
Omy and @py. Figure reprinted with permission from the reference®:.
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Based on the discussions above, we obtain the relation, M. = Mcos8 and
L, = LycosO, where M is the vector length of M. Due to the existence of the g-
AFM mode, M oscillates rapidly which can be confirmed by observing M./M,
in Fig. 5-19a. Because the g-AFM mode is much faster than the g-FM mode
and the oscillation center of M is My, to describe the q-FM mode, we can ignore
the component of g-AFM mode in M, and obtain AM, = MyAcos6 as well as
AL, = LyAcosf.

5.6.5 Back switching driven by stronger THz magnetic field

We can speculate what will happen as the field strength of the magnetic
field becomes stronger. Additional calculations are performed for field
strengths up to 140% of the value (1.45 T) that reproduces the experiment at
maximum power. As shown in Fig. 5-20, a non-monotonic field-strength
dependence can be observed, indicating that switching occurs only within a
certain intermediate regime. If the field amplitude of the THz magnetic field is
just a little larger than 1.45 T, apart from the switching, a few oscillation cycles
around the second potential minimum can be observed which is attributed to
the excess Kinetic energy after switching. If the THz magnetic field is too strong
(2.03 T), back-switching occurs, because the kinetic energy becomes too large
to relax into the second potential minimum.

311K B
—145T —188T 4
90}

45}

0 (deg)

0 50 100 150
Time delay t (ps)

Figure 5-20. The predicted behaviour of &for THz magnetic fields stronger than the value

(1.45 T) that reproduces the experiment at maximum power. Figure reprinted with

permission from the reference®.

116



5.6 Discussion

5.6.6 Influence of the frequency of THz magnetic field

To investigate the influences of the frequency of THz magnetic field on the
nonlinearly excited spin dynamics, the original sine-Gordon equation and the
equation rewritten using the effective potential (Egs. (5-5) and (5-20),
respectively) are numerically solved, as shown in Fig. 5-21. In these
calculations, the temperature was set to 315 K, where the frequency of the g-
FM (g-AFM) mode is 0.05 THz (0.54 THz). Here, we used the idealized
magnetic pulse BYE (t)cos(wt) (Fig. 5-21a), where the temporal variation of
BXNF (t) is much slower than that in the actual experiment. For comparison of
the slow motion of the magnetic order, a low-pass filter was applied to the
results of Eqg. (5-5). The results for different carrier frequencies are shown in
Figs. 5-21b, ¢, d, eand f.

Because the envelope of the magnetic pulse varies slower than the decay rate
of g-FM mode, we find that the magnetic order here almost keeps staying at the
potential minimum during the modification of the potential W, (adiabatic
process). Because there is no “inertia”-driven motion after the magnetic pulse,
g-FM-mode oscillation and spin switching cannot occur.

Regarding the influence of the carrier frequency, we find that, when the
frequency of the magnetic pulse is very low (e.g. 0.12 THz) and is close to the
resonance frequency of the g-FM mode (0.05 THz), the results of Egs. (5-5)
and (5-20) are clearly different, which indicates that the motion equation using
the effective potential W, to describe the spin dynamics is not valid. On the
other hand, when the magnetic pulse has a sufficiently high frequency > 0.3
THz, the results of Egs. (5-5) and (5-20) are almost identical, which indicates
that the system is in the dynamically modified state defined by Wee. As
predicted by the coupling term defined in Egs. (5-23) and (5-26), when the
carrier frequency is equal to the frequency of the g-AFM mode, the potential
modification becomes very small. When the carrier frequency exceeds the
frequency of the g-AFM mode, the sign of the potential modification changes.
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Figure 5-21. The solutions of Egs. (5-5) and (5-20). a, An idealized THz magnetic
pulse at 0.46 THz (red curve) with a slowly varying envelope function (blue curve).
b, By using the functions BNE, (t)cos(at) and BYE,(t) [shown in a] in Egs. (5-5) and (5-
20), respectively, we can obtain approximately the same solutions when @/2x = 0.8
THz: The red curve represents the dynamics of @derived using Eq. (5-5), and the blue
curve represents the dynamics of Gsow derived using Eq. (5-20). The panels c, d, e and
f show the solutions obtained for w/2n = 0.54 THz, 0.46 THz, 0.3 THz and 0.12 THz,
respectively. Figure reprinted with permission from the reference®.

5.7 Summary

Our work provided a novel method for ultrafast spin switching which is
significant for advancing research about spintronics. We realized the spin
switching using THz magnetic field for the first time. The spin switching is
driven by the THz-field-modified potential energy. There is a detail: (i) During
the excitation, the Tesla-class multicycle magnetic fields interact with the spin
orders, and thus reshape the potential energy, which is similar as the process of
Floquet engineering; (ii) As a result, the spin order L is driven away from the
barrier in the potential energy leading to the excitation of the g-FM mode; (iii)
In the subsequent inertial motion, L finally goes across the barrier and relaxes
to the second potential minimum.
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In addition, as predicted by Egs. (5-23) and (5-26), we can expect to control
the position of the potential minima and the height of the potential barrier by
applying the THz magnetic field and tuning its amplitude and frequency. It is
equivalent with spin reorientation transition induced by varying temperature as
shown by Egs. (5-1) and (5-2). In contrast to temperature, using THz magnetic
pulse provides the possibility to realize ultrafast spin reorientation transition
which is important for the information storage and processing in spintronics.
Furthermore, our results indicate that driving magnetic order parameters via
dynamically stabilized states may be a way to design functional properties of
various materials'®, including atomic layers of magnetic materials'?® and
quantum spin systems*'°, and this may lead to new optoelectronic and coherent
spintronic devices'%,
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Chapter 6 Conclusion

In this thesis, we investigated the ultrafast manipulation of spin orders by
exciting the coherent spin dynamics into the nonlinear regime using the THz
magnetic fields in the canted antiferromagnets HoFeO3; and Smo 7Er, 3FeOs.

Due to the robust antiferromagnetic exchange interaction, the spin dynamics
lie in the THz frequency range, enabling manipulation on the picosecond
timescale. In contrast to the ultrafast manipulation using the electric fields of
NIR, MIR, and THz pulses, THz magnetic fields do not excite the electron and
lattice states but directly excite the spin dynamics. This makes THz magnetic
fields the most versatile across various materials and temperatures. The studies
on nonlinear spin dynamics using THz magnetic fields become feasible owing
to the technology for generating intense THz pulses and the novel microscopic
structure SAR, which can convert the intense THz pulses into the Tesla-class
THz magnetic near fields. By analyzing the time-resolved spin dynamics, we
revealed how the anharmonicities of the potential energies of spin orders affect
the spin dynamics.

The spin dynamics in canted antiferromagnets have two eigenmodes. In
chapter 4, we studied the nonlinearities of the g-AFM mode in HoFeO3. We
chose an experiment configuration to ensure that only the g-AFM mode is
excited. Under weak excitation, the time-resolved magneto-optic signal
exhibits an oscillation at the frequency of the g-AFM mode. As the excitation
become strong, the oscillation exhibits an asymmetric envelope, and the
spectrum shows the second- and third-order-harmonic peaks, as well as the
frequency redshift of the g-AFM mode. We investigated the origins of these
phenomena based on the LLG equations. From the LLG equations, we derived
the motion equation of the g-AFM mode which features an anharmonic
potential energy proportional to the square of the sine function. Under the weak
perturbation, spins oscillate near the minimum and the potential energy can be
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approximately considered a harmonic parabolic function. But, under the strong
excitations, the anharmonicities cannot be ignored, thus leading to the third-
order harmonic generation and the frequency redshift. In addition, the
asymmetric envelope and the second-order harmonic generation are attributed
to the nonlinearities of the magneto-optic effect related to the g-AFM mode
which can be reproduced well by the numerical solution of the motion equation
of g-AFM mode and the wave equation of probe pulses transmitting through
the sample. These results reveal that the anharmonic potential energy and the
magneto-optic effect both play a significant role in observing the nonlinearities
of the g-AFM mode.

In chapter 5, we studied the nonlinear spin dynamics in the potential energy
of the g-FM mode in Smq7Er 3FeOs. As the field strength of the THz magnetic
field is increased beyond a critical value, spin switching occurs. From the
experimental results, we found that before the excitation, spins are in the first
minimum of the potential energy; during the THz multicycle magnetic field,
spins are driven away from the potential barrier; after the field, spins move
backwards and finally overcome the barrier relaxing to the second potential
minimum. To explain this behavior, we derived the motion equation of the g-
FM mode (sine-Gordon equation) from the LLG equations. We found that the
potential energy of the g-FM mode includes the Zeeman torque of the THz
magnetic field, as well as the coupling between the THz magnetic field and the
g-FM and g-AFM modes. Due to the experiment configuration, both terms are
nonzero, thus responsible for the excitation of g-FM mode and spin switching.
We analytically solved the sine-Gordon equation by replacing the potential
energy interacting with the fast-oscillating magnetic field with a “time-
averaged” effective potential that varies with the envelope of the field. At the
high-frequency limit of the THz magnetic field, the effective potential energy
Is consistent with the result of Floquet-Magnus expansion, indicating that the
effective potential energy is constructed similarly as the Floquet engineering.
Under our experiment condition, as the THz magnetic field increases, the
barrier between double minima of the effective potential energy grows
(becomes higher and broader), thus pushing spins away from the barrier. After
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the THz magnetic field vanishes, the effective potential energy recovers to the
static shape, thus spins move backwards. In the subsequent inertial motion,
spins finally go across the barrier and relax to the second potential minimum.
These results suggest that the THz magnetic field is a new method for ultrafast
spin switching, while also exhibiting a potential to dynamically modify the
potential energy of spin orders.

In this thesis, we summarize the nonlinear coherent dynamics of the g-AFM
and g-FM modes in HoFeO3 and Smg;Ery3FeOs, respectively. The observed
frequency redshift and the third-order harmonic of the g-AFM mode reflect the
anharmonic potential energy for the g-AFM mode. Regarding the g-FM mode,
we observed an extremely nonlinear phenomenon, spin switching. The
excitation process responsible for spin switching is an intriguing nonlinear
process where a multicycle THz magnetic field modifies the potential for the
g-FM mode. Our investigations show that THz magnetic fields are potentially
useful for the investigation of coherent spin nonlinearities and are novel
methods for ultrafast manipulation of spin states.

Finally, we will discuss future prospects and challenges. The results of our
works are considered highly important for future applications in ultrafast
spintronics. Driving the antiferromagnetic vector out of equilibrium with a
large amplitude offers a potential method for spin pumping (a process of spin-
charge conversion); ultrafast non-thermal switching of the antiferromagnetic
vector is significant for the information storage and processing. For the
application, the THz-pulse generation and the magnetic-near-field generation
should be integrated onto the surface of the antiferromagnets. The on-chip
experiments to generate and detect the THz electric near field using the
photoconductive switches have been broadly studied®®*-134, and we expect that
these technologies can be applicated to the THz magnetic near field. For the
fundamental research, our results can extend beyond enhancing our
understanding of spin nonlinearity and the potential applications of
antiferromagnets. They indicate that driving magnetic order parameters via
dynamically stabilized states may provide a method to design the functional
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properties of various materials, including atomic layers of magnetic materials
and quantum spin systems. This approach could potentially lead to the
development of new optoelectronic and coherent spintronic devices.
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Appendix

Al. Details of the simulation model including
fluctuations

In order to reproduce the behaviour of the experimentally observed
relaxation process after spin switching (e.g. the slow decay of the data for
0.98xBNE_shown in Fig. 5-7 in the main text), the sine-Gordon equation given
in Eq. (5-5) was extended to take the effects of thermal fluctuations (due to a
non-zero temperature) and the impact of the presence of domains with different
magnetization directions into account. Because the physics described by Eqg.
(5-8) do not govern characteristic features of the observed spin-switching
process, this equation does not require an extension. Below we explain the
derivation of this extended equation.

Firstly, when L(M) is located at the minimum at 8> 90° (which has a higher
energy than the other minimum at &< 90° as shown in Fig. 5-3b), the thermal
fluctuations that are present in a real sample let L(M) switch back to the
minimum at 8 < 90° after some time, which leads to an exponential decay of
An with a certain relaxation time constant. In the presence of thermal
fluctuations, the time evolution of L(M) depends on the temporal sequence of
a force due to thermal fluctuations (i.e., a random force), as shown in the
following discussion. Therefore, we have to calculate the ensemble average of
many time evolutions of L(M) for different sequences of the random force, and
the dynamics of the averaged L(M) should correspond to the experimentally
measured dynamics. In this sense, we may regard the L(M) of each ensemble
as a local magnetic order parameter in a mesoscopic system. This means that
we separate the macroscopic magnetization in the considered volume into many
mesoscopic spin ensembles, where each mesoscopic spin ensemble perceives a
random force (uncorrelated to all other spin ensembles). Below, Eq. (5-5) with

124



Al. Details of the simulation model including fluctuations

an additional term for thermal fluctuations is used as the equation of motion for
such a local magnetization M. The considered equation reads

6 + cO = —y(Bpc + BYE,(t))sin@ — asinfcosh (sin?6 + b)
+2yBYE (£)@cosBsing + yBNE (t)pcosOsind + R(t),
(A1-1)

where @ is the angle between the mesoscopic net magnetization L(M)and a(c)
axis. The new term R(t) corresponds to the random force due to thermal
fluctuations. Following the Langevin equation approach'®, we can define the
force-term R(t). It satisfies the following two conditions:

(R(t)) =0, (Al-2)
(R(OR(t)) = 2D6(t — t). (Al1-3)

The symbol (:-- ) denotes the average over all ensembles, namely the average
over all possible temporal sequences of the random force. Egs. (A1-2) and (Al-
3) mean that the force R(t) has the properties of Gaussian white noise. The
Langevin equation approach tells us that the diffusion constant D is related to
the frictional constant ¢ and the strength of the thermal fluctuations in this
system (i.e., the effective temperature for the present equation of motion,
Eqg.(A1-1)) as follows:

2
D =L ckpT,g, (A1-4)

Fe

where kg is the Boltzmann constant and Tes is the effective temperature of the
system. If the Langevin approach is applied to the microscopic LLG
equations?13 which describes the motion of each spin in a large system, T
Is equal to the real temperature T. The parameter D can be straightforwardly
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related to the temperature T. On the other hand, if a mean-field approximation
Is applied, the microscopic LLG equations reduce for example to the sine-
Gordon equation and thus loses microscopic information. In this case, it is
difficult to determine the quantitative relation between D and T. Therefore, in
this work, we should consider the effective temperature T as a fitting
parameter that takes the effect of thermal fluctuations into account (in the
present notation, the dimension of T.¢ IS temperature per volume).

Secondly, when thermal fluctuations are considered and M is regarded as a
local mesoscopic magnetization (that is, it is not the net magnetization of the
whole considered volume), we also expect that the dynamics of each local M
Is affected by the other mesoscopic magnetizations around the local M. Hence,
we should introduce an additional mean-field-like potential on the top of the
original mean-field potential energy W. This additional term should change as
a function of the ensemble average (M(t)) and is considered necessary,
because W is the mean-field potential at the equilibrium state and does not
include the effects of mesoscopic magnetizations with strong fluctuations
around the local M. It is reasonable that such an additional potential takes the
form of an effective magnetic field B¢ as a function of (6(t)) . The equation of
motion for 6 including both thermal fluctuations and this additional
phenomenological potential is given by

0 + c6 = —xsinf(Byji,(t) + Bpc + Bc((9)))
—asinfcosO(sin%0 + b)
+2yBYE (£)@cosBsing + yBNE (t)pcosfsind + R(t).
(A1-5)

The solution to this equation describes the dynamics of a specific local spin
ensemble with a magnetization angle 6, and each ensemble has a different R(t).
The analytical expression for the effective magnetic field B-({(6)) under the
given conditions is not unique because several different types of expressions
can be considered physically reasonable, but here we consider the following
form:
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Be(0)) = 22 {¢cos (n'7%) + 1] 0 (5 - (o)) 0 (10 + T — 20,)]

— %{[cos (n ﬁ:_%“) + 1] ) ((9) — g) 0 (29R - % - <9>)}’

(A1-6)

O(x) = {(1) g i 83. (A1-7)

Bco and ¢ are phenomenological parameters: B is the strength of the effective
magnetic field and ¢ is the ratio of the strength of the effective magnetic field
around the potential minimum at = 4 _to thatat &= 6k (4. < &r). This function
has the following properties: (i) If the average value (6(t)) is located around
the left (right) minimum, the effective magnetic field makes it easier for a local
magnetization angle 6 to be located at the left (right) minimum too. (ii) B for
(8) =m/2 is zero, and B:({@)) > 0 for (6) < m/2 while B:({(8)) < 0 for
(8) > m/2 because B plays the role of a bias magnetic field. (iii) At the initial
equilibrium state before pumping, W(4.) < W(6&R) due to the static magnetic
field Bpc. In other words, a “force” that traps (@) around @, is already
contained in the original potential W. Therefore, the additional potential should
enhance the trapping of the magnetization angle 8 around &k, rather than
around & . This is satisfied by 0 < & < 1. (iv) B¢ is a continuous function of
(8). The parameters used in this section are shown in Table Al.

Table Al | The parameters used in this section.

Parameter Value
kT | 1.4x107°° J/om3
B.o 0.002T
& 0.54
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A2. Model of Kapitza pendulum

The Kapitza pendulum is a rigid pendulum of length /, where the point of
suspension periodically oscillates along the vertical direction (regarded as the
external driving force), as shown in Fig. Al. The coordinate of the ball of the

Kapitza pendulum is given by'®,

x = Isin@, (A2-1)
y = lcosf + Acoswt, (A2-2)

where w and A are the oscillation frequency and amplitude, respectively. The
Lagrangian is given by,

L == (%% +y%) —mgy
2 . .
= % (92 + 2'LlT(‘)sinthSin@) — ml?wjcosb, (A2-3)
where w, is equal to \/ g/l, m is the mass of the ball and g is the gravitational

acceleration. The motion equation is given by the Euler-Lagrange equation,

Aw?

6 + c6 = wising — = coswtsind, (A2-4)

yll

] X

Figure Al. Schematic of Kapitza pendulum. The point of suspension periodically
oscillates along the rail with the length of 4.

\ 4
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where c is the damping factor. Eq. (A2-4) has the same form of external driving
force with Eq. (5-14) which is proportional to coswtsing. When the oscillation
frequency w of the external driving force is much higher than the intrinsic
frequency w, of the pendulum due to gravity, the motion of 6 can be
decomposed into two components: a slow motion determined by the intrinsic
potential energy, and a fast motion that is directly related to the external driving
force. We obtain,

0 = Ogast + Osiow- (A2-5)

Hereafter, we consider the high-frequency regime where w > ¢, w, holds, and
assume that the magnitude of Og,e is small, i.e., |Of,5| < 1. By using an
expansion in powers of B¢, we derive the following approximate equations
of motion:

2
.o . _ 2 Aw .
efast + Cefast - wocoseslowgfast - 1 COS(UtSlneSlOW’ (A2'6)

. o
eslow + Ceslow - w051ngslow

Aw?
l

c0SOow (COSWEBragt)+- (A2-7)

Here, (---); = 1/1 ftt” dt --- is the temporal average over a single oscillation

period, T = 2m/w. B, follows the forced oscillation of the external driving
force and can be solved,

Ofast = ?coswtsin@slow. (A2-8)

By substituting Eq. (A2-8) for 6, into Eq. (A2-7), the equation of motion for
B410w Can be rewritten,
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A2 w?

Osiow T Céslow = wgSingslow - FSinzeslow- (A2'9)

.o

The effective potential energy for 6, IS given by the integration of terms on
the right-hand side of Eq. (A2-9), as shown in Eq. (A2-10):

A’w

2
Wesr = wgcosOg oy + Fsin2 Oslow- (A2-10)

The effective potential energy is consistent with the result of the Floquet-
magnus expansion'?’, indicating the Kapitza pendulum is a classical example
of the Floquet engineering.

To visualize the shapes of the effective potential energies of Kapitza
pendulum (Weg ) and the q-FM mode (Wegs), we rewrite Egs. (A2-10) and
(5-23),

Wettp = Wop + ApsinZ6go,, (A2-11)
Wop = cosbgiow (A2-12)
Wetts = Wos + AgsinZ6g o, (A2-13)
W s = 20 ston I Bstow 4 g (A2-14)

Here, W, , and Wy 5 (315 K) are the static terms. A, and Ag refer to the relative
strengths of the additional terms. The effective potential energies are shown in
Fig. A2. If the external driving forces were strong enough, the potential energies
would exhibit minima at 0 and +180° for both Kapitza pendulum and the q-FM
mode, because the additional terms are proportional to sin?6y,,,. However,
due to the different forms of the static terms, the developments of the potential
minima are different. For Kapitza pendulum, due to gravity, the static term has
a minimum at +180°. As A, increases, new potential minimum suddenly
appears at 0°. In contrast, for the q-FM mode, as Ag increases, the initial
potential minima shift towards 0° and +180° gradually.
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Figure A2. Comparison between the effective potential energy of Kapitza pendulum
(a) and g-FM mode (b).

131



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Reference

Reference

Nicoletti, D. & Cavalleri, A. Nonlinear light-matter interaction at terahertz frequencies. Adv. Opt.
Photon. 8, 401 (2016).

De La Torre, A., Kennes, D. M., Claassen, M., Gerber, S., Mclver, J. W., & Sentef, M. A.
Colloquium: Nonthermal pathways to ultrafast control in quantum materials. Rev. Mod. Phys. 93,
041002 (2021).

Bao, C., Tang, P., Sun, D. & Zhou, S. Light-induced emergent phenomena in 2D materials and
topological materials. Nat. Rev. Phys. 4, 33-48 (2022).

Fausti, D., Tobey, R. I., Dean, N., Kaiser, S., Dienst, A., Hoffmann, M. C., Pyon, S., Takayama,
T., Takagi, H. & Cavalleri, A. Light-induced superconductivity in a stripe-ordered cuprate. Science
331, 189-191 (2011).

Budden, M., Gebert, T., Buzzi, M., Jotzu, G., Wang, E., Matsuyama, T., Meier, G., Laplace, Y.,
Pontiroli, D., Ricco, M., Schlawin, F., Jaksch, D. & Cavalleri, A. Evidence for metastable photo-
induced superconductivity in K3Ceo. Nat. Phys. 17, 611-618 (2021).

Nova, T. F., Disa, A. S., Fechner, M. & Cavalleri, A. Metastable ferroelectricity in optically strained
SrTiOs. Science 364, 1075-1079 (2019).

Li, X., Qiu, T., Zhang, J., Baldini, E., Lu, J., Rappe, A. M., & Nelson, K. A. Terahertz field—induced
ferroelectricity in quantum paraelectric SrTiOs. Science 364, 1079-1082 (2019).

Wang, Y. H., Steinberg, H., Jarillo-Herrero, P. & Gedik, N. Observation of Floquet-Bloch states on
the surface of a topological insulator. Science 342, 453-457 (2013).

Mclver, J. W., Schulte, B., Stein, F. U., Matsuyama, T., Jotzu, G., Meier, G., & Cavalleri, A. Light-
induced anomalous Hall effect in graphene. Nat. Phys. 16, 38—41 (2020).

Chumak, A. V., Vasyuchka, V. |, Serga, A. A. & Hillebrands, B. Magnon spintronics. Nat. Phys. 11,
453-461 (2015).

Jungwirth, T., Marti, X., Wadley, P. & Wunderlich, J. Antiferromagnetic spintronics. Nat.
Nanotechnol. 11, 231-241 (2016).

Baltz, V., Manchon, A., Tsoi, M., Moriyama, T., Ono, T., & Tserkovnyak, Y. Antiferromagnetic
spintronics. Rev. Mod. Phys. 90, 015005 (2018).

Kirilyuk, A., Kimel, A. V. & Rasing, T. Ultrafast optical manipulation of magnetic order. Rev. Mod.
Phys. 82, 2731 (2010).

Némec, P., Fiebig, M., Kampfrath, T. & Kimel, A. V. Antiferromagnetic opto-spintronics. Nat. Phys.
14, 229-241 (2018).

Li, J., Yang, C. J., Mondal, R., Tzschaschel, C. & Pal, S. A perspective on nonlinearities in coherent
magnetization dynamics. Appl. Phys. Lett. 120, 050501 (2022).

Han, J., Cheng, R., Liu, L., Ohno, H. & Fukami, S. Coherent antiferromagnetic spintronics. Nat.
Mater. 22, 684-695 (2023).

Néel, L. Influence des fluctuations du champ moléculaire sur les propriétés magnétiques des corps.
Ann. Phys. Paris 17, 5-10 (1932).

Landau, L. & Lifshits, E. On the theory of the dispersion of magnetic permeability in ferromagnetic
bodies. Phys. Z. Sowjetunion. 8, 153-169 (1935).

Rezende, S. M., Azevedo, A. & Rodriguez-Suarez, R. L. Introduction to antiferromagnetic magnons.
J. Appl. Phys. 126, 151101 (2019).

Beaurepaire, E., Merle, J.-C., Daunois, A. & Bigot, J.-Y. Ultrafast spin dynamics in ferromagnetic
nickel. Phys. Rev. Lett. 76, 4250 (1996).

132



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Reference

Kimel, A. V, Kirilyuk, A., Tsvetkov, A., Pisarev, R. V & Rasing, Th. Laser-induced ultrafast spin
reorientation in the antiferromagnet TmFeOs. Nature 429, 850-853 (2004).

Kimel, A. V., Kirilyuk, A., Usachev, P. A., Pisarev, R. V., Balbashov, A. M., & Rasing, Th. Ultrafast
non-thermal control of magnetization by instantaneous photomagnetic pulses. Nature 435, 655-657
(2005).

Kimel, A. V., lvanov, B. A., Pisarev, R. V., Usachev, P. A., Kirilyuk, A., & Rasing, Th. Inertia-
driven spin switching in antiferromagnets. Nat. Phys. 5, 727-731 (2009).

Mikhaylovskiy, R. V., Hendry, E., Secchi, A., Mentink, J. H., Eckstein, M., Wu, A., Pisarev, R.V.,
Kruglyak, V. V., Katsnelson, M. I., Rasing, Th. & Kimel, A. V. Ultrafast optical modification of
exchange interactions in iron oxides. Nat. Commun. 6, 8190 (2015).

Nova, T. F., Cartella, A., Cantaluppi, A., Forst, M., Bossini, D., Mikhaylovskiy, R. V., Kimel, A.
V., Merlin, R. & Cavalleri, A. An effective magnetic field from optically driven phonons. Nat. Phys.
13, 132-136 (2017).

Fitzky, G., Nakajima, M., Koike, Y., Leitenstorfer, A. & Kurihara, T. Ultrafast control of magnetic
anisotropy by resonant excitation of 4f electrons and phonons in Smo7ErosFeQOs. Phys. Rev. Lett. 127,
107401 (2021).

Afanasiev, D., Hortensius, J. R., Ivanov, B. A., Sasani, A., Bousquet, E., Blanter, Y. M.,
Mikhaylovskiy, R. V., Kimel, A. V. & Caviglia, A. D. Ultrafast control of magnetic interactions via
light-driven phonons. Nat. Mater. 20, 607-611 (2021).

Yamaguchi, K., Nakajima, M. & Suemoto, T. Coherent control of spin precession motion with
impulsive magnetic fields of half-cycle terahertz radiation. Phys. Rev. Lett. 105, 237201 (2010).

Kampfrath, T., Sell, A., Klatt, G., Pashkin, A., Méhrlein, S., Dekorsy, T., Wolf, M., Fiebig, M.,
Leitenstorfer, A. & Huber, R. Coherent terahertz control of antiferromagnetic spin waves. Nat.
Photon. 5, 31-34 (2011).

Baierl, S., Mentink, J. H., Hohenleutner, M., Braun, L., Do, T.-M., Lange, C., Sell, A., Fiebig, M.,
Woltersdorf, G., Kampfrath, T. & Huber, R. Terahertz-driven nonlinear spin response of
antiferromagnetic nickel oxide. Phys. Rev. Lett. 117, 197201 (2016).

Lu, J., Li, X., Hwang, H. Y., Ofori-Okai, B. K., Kurihara, T., Suemoto, T., & Nelson, K. A. Coherent
two-dimensional terahertz magnetic resonance spectroscopy of collective spin waves. Phys. Rev. Lett.
118, 207204 (2017).

Baierl, S., Hohenleutner, M., Kampfrath, T., Zvezdin, A. K., Kimel, A. V., Huber, R., &
Mikhaylovskiy, R. V. Nonlinear spin control by terahertz-driven anisotropy fields. Nat. Photon. 10,
715-718 (2016).

Schlauderer, S., Lange, C., Baierl, S., Ebnet, T., Schmid, C. P., Valovcin, D. C., Zvezdin, A. K.,
Kimel, A. V., Mikhaylovskiy, R. V. & Huber, R. Temporal and spectral fingerprints of ultrafast all-
coherent spin switching. Nature 569, 383-387 (2019).

Marezio, M., Remeika, J. P. & Dernier, P. D. The crystal chemistry of the rare earth orthoferrites.
Acta Crystallogr. B 26, 20082022 (1970).

Wood, D. L., Remeika, J. P. & Kolb, E. D. Optical spectra of rare-earth orthoferrites. J. Appl. Phys.
41, 5315-5322 (1970).

Wood, D. L., Holmes, L. M. & Remeika, J. P. Exchange fields and optical Zeeman effect in ErFeOs.
Phys. Rev. 185, 689-695 (1969).

Pisarev, R. V., Moskvin, A. S., Kalashnikova, A. M. & Rasing, Th. Charge transfer transitions in
multiferroic BiFeOs and related ferrite insulators. Phys. Rev. B 79, 235128 (2009).

Herrmann, G. F. Resonance and high frequency susceptibility in canted antiferromagnetic substances.
J. Phys. Chem. Solids 24, 597-606 (1963).

Cinader, G. Effect of antisymmetric exchange interaction on the magnetization and resonance in
antiferromagnets. Phys. Rev. 155, 453-457 (1967).

Jacobs, I. S., Burne, H. F. & Levinson, L. M. Field-induced spin reorientation in YFeOs and YCrOs.
J. Appl. Phys. 42, 1631-1632 (1971).

133



41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Reference

Perroni, C. A. & Liebsch, A. Magnetization dynamics in dysprosium orthoferrites via the inverse
Faraday effect. Phys. Rev. B 74, 134430 (2006).

Dzyaloshinskii, 1. E. Thermodynamic theory of weak ferromagnetism in antiferromagnetic
substances. Sov. Phys. JETP 5, 1259-1262 (1957).

Moriya, T. Anisotropic superexchange interaction and weak ferromagnetism. Phys. Rev. 120, 91-98
(1960).

Cheong, S.-W. & Mostovoy, M. Multiferroics: a magnetic twist for ferroelectricity. Nat. Mater. 6,
13-20 (2007).

Koshizuka, N. & Hayashi, K. Raman scattering from magnon excitations in RFeQOs. J. Phys. Soc.
Jpn. 57, 4418-4428 (1988).

Yamaguchi, T. Theory of spin reorientation in rare-earth orthochromites and orthoferrites. J. Phys.
Chem. Solids 35, 479-500 (1974).

Smith, B. T., Yamamoto, J. & Belli, E. E. Far-infrared transmittance of Tb, Ho, Tm, Er, and Yb
orthoferrite. J. Opt. Soc. Am. 65, 605-607 (1975).

Belyaeva, A. I. & Baranova, K. V. Role of Er®** ion in the formation of the ErFeOs; magnetic
properties in the region of spin-reorientation phase transition. Bull. Russ. Acad. Sci. Phys. 73, 1056—
1060 (2009).

Bossini, D., Malik, D., Redlich, B., Van Der Meer, A. F. G., Pisarev, R. V., Rasing, Th., & Kimel,
A. V. Time-resolved nonlinear infrared spectroscopy of samarium ions in SmFeQOs. Phys. Rev. B 87,
085101 (2013).

Schuchert, H., Hifner, S. & Faulhaber, R. Optical investigation of HoFeOs. Z. Phys. 220, 280-292
(1969).

Zhang, Z., Gao, F. Y., Curtis, J. B., Liu, Z. J., Chien, Y. C., von Hoegen, A., Wong, M. T., Kurihara,
T., Suemoto, T., Narang, P., Baldini, E. & Nelson, K. A. Terahertz field-induced nonlinear coupling
of two magnon modes in an antiferromagnet. Nat. Phys. 20, 801-806(2024).

Zhang, Z., Gao, F. Y., Chien, Y.-C., Liu, Z.-J., Curtis, J. B., Sung, E. R., Ma, X., Ren, W., Cao, S.,
Narang, P., von Hoegen, A., Baldini, E. & Nelson, K. A. Terahertz-field-driven magnon
upconversion in an antiferromagnet. Nat. Phys. 20, 788-793 (2024).

Andreev, A. F. & Marchenko, V. I. Symmetry and the macroscopic dynamics of magnetic materials.
Sov. Phys. Usp. 23, 21-34 (1980).

Bar’yakhtar, V. G., lvanov, B. A. & Chetkin, M. V. Dynamics of domain walls in weak ferromagnets.
Sov. Phys. Usp. 28, 563-588 (1985).

Sato, K. & Ishibashi, T. Fundamentals of magneto-optical spectroscopy. Front. Phys. 10, 946515
(2022).

lida, R., Satoh, T., Shimura, T., Kuroda, K., Ivanov, B. A., Tokunaga, Y. & Tokura, Y. Spectral
dependence of photoinduced spin precession in DyFeQOs. Phys. Rev. B 84, 064402 (2011).

Krichevtsov, B., Mukimov, K., Pisarev, R. & Ruvinshtein, M. Antiferromagnetic and ferromagnetic
Faraday effect in yttrium orthoferrite YFeOs. JETP Lett. 34, 7 (1981).

Zenkov, A. V., Krichevtsov, B. B., Moskvin, A. S., Mukimov, K. M., Pisarev, R. V., & Ruvinshtein,
M. M. Anisotropy of the Faraday effect in the weak ferromagnet YFeOs. Sov. Phys. JETP 69, 792
(1989).

Woodford, S. R., Bringer, A. & Bliigel, S. Interpreting magnetization from Faraday rotation in
birefringent magnetic media. J. Appl. Phys. 101, 053912 (2007).

Nahata, A., Weling, A. S. & Heinz, T. F. A wideband coherent terahertz spectroscopy system using
optical rectification and electro-optic sampling. Appl. Phys. Lett. 69, 2321-2323 (1996).

Wu, Q. & Zhang, X. C. 7 terahertz broadband GaP electro-optic sensor. Appl. Phys. Lett. 70, 1784—
1786 (1997).

Leitenstorfer, A., Hunsche, S., Shah, J., Nuss, M. C. & Knox, W. H. Detectors and sources for
ultrabroadband electro-optic sampling: Experiment and theory. Appl. Phys. Lett. 74, 1516-1518

134



63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

78.

79.

80.

81.
82.

Reference

(1999).

Chen, Q., Tani, M., Jiang, Z. & Zhang, X.-C. Electro-optic transceivers for terahertz-wave
applications. J. Opt. Soc. Am. B 18, 823-831 (2001).

Hirori, H., Doi, A., Blanchard, F. & Tanaka, K. Single-cycle terahertz pulses with amplitudes
exceeding 1 MV/cm generated by optical rectification in LiNbOs. Appl. Phys. Lett. 98, 091106
(2011).

Boyd, R. W. Nonlinear Optics, 3rd ed. (Academic Press, New York, 2008)

Nagai, M., Tanaka, K., Ohtake, H., Bessho, T., Sugiura, T., Hirosumi, T., & Yoshida, M. Generation
and detection of terahertz radiation by electro-optical process in GaAs using 1.56 um fiber laser
pulses. Appl. Phys. Lett. 85, 3974-3976 (2004).

Hebling, J., Almasi, G., Kozma, I. Z. & Kuhl, J. Velocity matching by pulse front tilting for large-
area THz-pulse generation. Opt. Express 10, 1161-1166 (2002).

Hebling, J., Stepanov, A. G., Almasi, G., Bartal, B. & Kuhl, J. Tunable THz pulse generation by
optical rectification of ultrashort laser pulses with tilted pulse fronts. Appl. Phys. B 78, 593-599
(2004).

Smith, D. R,, Padilla, W. J., Vier, D. C., Nemat-Nasser, S. C. & Schultz, S. Composite medium with
simultaneously negative permeability and permittivity. Phys. Rev. Lett. 84, 184184 (2000).

Zhou, J., Koschny, T., Kafesaki, M., Economou, E. N., Pendry, J. B., & Soukoulis, C. M. Saturation
of the magnetic response of split-ring resonators at optical frequencies. Phys. Rev. Lett. 95, 223902
(2005).

Padilla, W. J., Taylor, A. J., Highstrete, C., Lee, M. & Averitt, R. D. Dynamical electric and magnetic
metamaterial response at terahertz frequencies. Phys. Rev. Lett. 96, 107401 (2006).

Liu, M., Hwang, H. Y., Tao, H., Strikwerda, A. C., Fan, K., Keiser, G. R., Sternbach, A. J., West,
K. G., Kittiwatanakul, S., Lu, J., Wolf, S. A., Omenetto, F. G., Zhang, X., Nelson, K. A. & Averitt,
R. D. Terahertz-field-induced insulator-to-metal transition in vanadium dioxide metamaterial.
Nature 487, 345-348 (2012).

Lange, C., Maag, T., Hohenleutner, M., Baierl, S., Schubert, O., Edwards, E. R. J., Bougeard, D.,
Woltersdorf, G. & Huber, R. Extremely nonperturbative nonlinearities in GaAs driven by atomically
strong terahertz fields in gold metamaterials. Phys. Rev. Lett. 113, 227401 (2014).

Pein, B. C., Chang, W., Hwang, H. Y., Scherer, J., Coropceanu, ., Zhao, X., Zhang, X., Bulovi¢, V.,
Bawendi, M. & Nelson, K. A. Terahertz-driven luminescence and colossal Stark effect in CdSe-CdS
colloidal quantum dots. Nano Lett. 17, 5375-5380 (2017).

Riek, C., Seletskiy, D. V., Moskalenko, A. S., Schmidt, J. F., Krauspe, P., Eckart, S., Eggert, S.,
Burkard, G. & Leitenstorfer, A. Direct sampling of electric-field vacuum fluctuations. Science 350,
420-423 (2015).

Benea-Chelmus, I. C., Salamin, Y., Settembrini, F. F., Fedoryshyn, Y., Heni, W., Elder, D. L., Dalton,
L. R., Leuthold, J. & Faist, J. Electro-optic interface for ultrasensitive intracavity electric field
measurements at microwave and terahertz frequencies. Optica 7, 498-505 (2020).

Scalari, G., Maissen, C., Tur¢inkova, D., Hagenmiiller, D., De Liberato, S., Ciuti, C., Reichl, C.
Schuh, D. Wegscheider, W. Beck, M. & Faist, J. Ultrastrong coupling of the cyclotron transition of
a 2D electron gas to a THz metamaterial. Science 335, 1323-1326 (2012).

Dietze, D., Andrews, A. M., Klang, P., Strasser, G., Unterrainer, K., & Darmo, J. Ultrastrong
coupling of intersubband plasmons and terahertz metamaterials. Appl. Phys. Lett. 103, 201106 (2013).

Zhang, Z., Hirori, H., Sekiguchi, F., Shimazaki, A., Iwasaki, Y., Nakamura, T., Wakamiya, A. &
Kanemitsu, Y. Ultrastrong coupling between THz phonons and photons caused by an enhanced
vacuum electric field. Phys. Rev. Res. 3, L032021 (2021).

Raimond, J. M., Brune, M. & Haroche, S. Manipulating quantum entanglement with atoms and
photons in a cavity. Rev. Mod. Phys. 73, 565-582 (2001).

Fox, M. Quantum Optics: An Introduction. (Oxford University Press, Oxford, 2006).
Kockum, A. F., Miranowicz, A., De Liberato, S., Savasta, S. & Nori, F. Ultrastrong coupling between

135



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Reference

light and matter. Nat. Rev. Phys. 1, 19-40 (2019).

Kumar, N., Strikwerda, A. C., Fan, K., Zhang, X., Averitt, R. D., Planken, P. C., & Adam, A. J. THz
near-field Faraday imaging in hybrid metamaterials. Opt. Express 20, 1127711287 (2012).

Mukai, Y., Hirori, H., Yamamoto, T., Kageyama, H. & Tanaka, K. Antiferromagnetic resonance
excitation by terahertz magnetic field resonantly enhanced with split ring resonator. Appl. Phys. Lett.
105, 022410 (2014).

Kurihara, T., Nakamura, K., Yamaguchi, K., Sekine, Y., Saito, Y., Nakajima, M., Oto, K., Watanabe,
H. & Suemoto, T. Enhanced spin-precession dynamics in a spin-metamaterial coupled resonator
observed in terahertz time-domain measurements. Phys. Rev. B 90, 144408 (2014).

Mukai, Y., Hirori, H., Yamamoto, T., Kageyama, H. & Tanaka, K. Nonlinear magnetization
dynamics of antiferromagnetic spin resonance induced by intense terahertz magnetic field. New J.
Phys. 18, 013045 (2016).

Zhu, B.J., Li, Y. T, Yuan, D. W, Li, Y. F, Li, F, Liao, G. Q., Zhao, J. R. Zhong, J. Y., Xue, F. B.,
He, S. K., Wang, W. W., Lu, F., Zhang, F. Q., Yang, L., Zhou, K. N., Xie, N., Hong, W., Wei, H. G.,
Zhang, K., Han, B., Pei, X. X,, Liu, C., Zhang, Z., Wang, W. M., Zhu, J. Q., Gu, Y. Q., Zhao, Z. Q.,
Zhang, B. H., Zhao, G. & Zhang, J. Strong magnetic fields generated with a simple open-ended coil
irradiated by high power laser pulses. Appl. Phys. Lett. 107, 261903 (2015).

Kikuchi, N., Okamoto, S. & Kitakami, O. Anomalous Hall effect measurement on nanostructure with
magnetic pulse fields. Mater. Trans. 57, 789-795 (2016).

Polley, D., Hagstrom, N. Z., Schmising, C. V. K., Eisebitt, S. & Bonetti, S. Terahertz magnetic field
enhancement in an asymmetric spiral metamaterial. J. Phys. B: At. Mol. Opt. Phys. 51, 224001 (2018).

Zhang, Z., Sekiguchi, F., Moriyama, T., Furuya, S. C., Sato, M., Satoh, T., Mukai, Y., Tanaka, K.,
Yamamoto, T., Kageyama, H., Kanemitsu, Y. & Hirori, H. Generation of third-harmonic spin
oscillation from strong spin precession induced by terahertz magnetic near fields. Nat. Commun. 14,
1795 (2023).

Zhang, Z., Kanega, M., Maruyama, K., Kurihara, T., Nakajima, M., Tachizaki, T., Sato, M.,
Kanemitsu, Y., & Hirori, H. Spin switching in Smo-Ero3FeOs triggered by terahertz magnetic-field
pulses. Submitted to Nat. Mater., under review (2024).

Maruyama, K., Zhang, Z., Takumi, M., Satoh, T., Nakajima, M., Kanemitsu, Y., & Hirori, H. Tesla-
class single-cycle terahertz magnetic field pulses generated with a spiral-shaped metal microstructure.
Appl. Phys. Express 17, 022004 (2024).

Yamaguchi, K., Kurihara, T., Minami, Y., Nakajima, M. & Suemoto, T. Terahertz time-domain
observation of spin reorientation in orthoferrite ErFeOs through magnetic free induction decay. Phys.
Rev. Lett. 110, 137204 (2013).

Shao, M., Cao, S., Wang, Y., Yuan, S., Kang, B., Zhang, J., Wu, A. & Xu, J. Single crystal growth,
magnetic properties and Schottky anomaly of HoFeOj3 orthoferrite. J. Cryst. Growth 318, 947-950
(2011).

Jewariya, M., Nagai, M. & Tanaka, K. Ladder climbing on the anharmonic intermolecular potential
in an amino acid microcrystal via an intense monocycle terahertz pulse. Phys. Rev. Lett. 105, 203003
(2010).

Katayama, I., Aoki, H., Takeda, J., Shimosato, H., Ashida, M., Kinjo, R., Kawayama, I., Tonouchi,
M., Nagai, M. & Tanaka, K. Ferroelectric soft mode in a SrTiOs thin film impulsively driven to the
anharmonic regime using intense picosecond terahertz pulses. Phys. Rev. Lett. 108, 097401 (2012).

Tsang, C. H., White, R. L. & White, R. M. Spin-wave damping of domain walls in YFeOs. J. Appl.
Phys. 49, 6063-6074 (1978).

Tabor, W. J., Anderson, A. W. & Van Uitert, L. G. Visible and infrared faraday rotation and
birefringence of single-crystal rare-earth orthoferrites. J. Appl. Phys. 41, 3018-3021 (1970).

Hoffmann, M. C., Brandt, N. C., Hwang, H. Y., Yeh, K. Lo & Nelson, K. A. Terahertz Kerr effect.
Appl. Phys. Lett. 95, 231105 (2009).

Nelson, A. T., White, J. T., Andersson, D. A., Aguiar, J. A., McClellan, K. J., Byler, D. D., Short,
M. P. & Stanek, C. R. Thermal expansion, heat capacity, and thermal conductivity of nickel ferrite

136



101.

102.

103.

104.

105.

106.

107.

108.

1009.

110.

111.

112.

113.
114.

115.

116.

117.

118.

119.

120.

Reference

(NiFe204). J. Am. Ceram. Soc. 97, 1559-1565 (2014).

Kallaev, S. N., Omarov, Z. M., Bakmaev, A. G., Mitarov, R. G., Reznichenko, L. A., & Bormanis,
K. Thermal properties of multiferroic Bi,«EuxFeOs (x = 0-0.40) ceramics. J. Alloys Compd. 695,
3044-3047 (2017).

Mohmed, F., Dar, F. A., Rubab, S., Hussain, M. & Hua, L. Y. Magnetic and thermal properties of
ferromagnetic insulator: Yttrium iron garnet. Ceram. Int. 45, 2418-2424 (2019).

Cheng, R., Xiao, J., Niu, Q. & Brataas, A. Spin pumping and spin-transfer torques in
antiferromagnets. Phys. Rev. Lett. 113, 057601 (2014).

Li, J., Wilson, C. B., Cheng, R., Lohmann, M., Kavand, M., Yuan, W., Aldosary, M., Agladze, N.,
Wei, P., Sherwin, M. S. & Shi, J. Spin current from sub-terahertz-generated antiferromagnetic
magnons. Nature 578, 70-74 (2020).

Vaidya, P., Morley, S. A., van Tol, J,, Liu, Y., Cheng, R., Brataas, A., Lederman, D. & del Barco, E.
Subterahertz spin pumping from an insulating antiferromagnet. Science 368, 160-165 (2020).

Koerner, C., Dreyer, R., Wagener, M., Liebing, N., Bauer, H. G., & Woltersdorf, G. Frequency
multiplication by collective nanoscale spin-wave dynamics. Science 375, 1165-1169 (2022).

Mahmoud, A., Ciubotaru, F., Vanderveken, F., Chumak, A. V., Hamdioui, S., Adelmann, C., &
Cotofana, S. Introduction to spin wave computing. J. Appl. Phys. 128, 161101 (2020).

Kubacka, T., Johnson, J. A., Hoffmann, M. C., Vicario, C., De Jong, S., Beaud, P., Griibel, S., Huang,
S.-W., Huber, L., Patthey, L., Chuang, Y.-D., Turner, J. J., Dakovski, G. L., Lee, W.-S., Minitti,
M. P., Schlotter, W., Moore, R. G., Hauri, C. P., Koohpayeh, S. M., Scagnoli, V., Ingold, G.,
Johnson, S. L. & Staub, U. Large-amplitude spin dynamics driven by a THz pulse in resonance with
an electromagnon. Science 343, 1333-1336 (2014).

Seifert, T. S., Jaiswal, S., Barker, J., Weber, S. T., Razdolski, 1., Cramer, J., Gueckstock, O.,
Maehrlein, S. F., Nadvornik, L., Watanabe, S., Ciccarelli, C., Melnikov, A., Jakob, G., Minzenberg,
M., Goennenwein, S. T. B., Woltersdorf, G., Rethfeld, B., Brouwer, P. W., Wolf, M., Klaui, M. &
Kampfrath, T. Femtosecond formation dynamics of the spin Seebeck effect revealed by terahertz
spectroscopy. Nat. Commun. 9, 2899 (2018).

Tanaka, O., Mizukami, Y., Harasawa, R., Hashimoto, K., Hwang, K., Kurita, N., Tanaka, H.,
Fujimoto, S., Matsuda, Y., Moon, E.-G. & Shibauchi, T. Thermodynamic evidence for a field-angle-
dependent Majorana gap in a Kitaev spin liquid. Nat. Phys. 18, 429-435 (2022).

Floguet, G. On linear differential equations with periodic coefficients. Ann. Sci. Ec. Norm. Super.
Ser. 2,12, 47 (1883).

Shirley, J. H. Solution of the Schrédinger equation with a Hamiltonian periodic in time. Phys. Rev.
138, B979-B987 (1965).

Oka, T. & Aoki, H. Photovoltaic Hall effect in graphene. Phys. Rev. B 79, 081406(R) (2009).

Lindner, N. H., Refael, G. & Galitski, V. Floquet topological insulator in semiconductor quantum
wells. Nat. Phys. 7, 490-495 (2011).

Shan, J. Y., Ye, M., Chu, H,, Lee, S., Park, J. G., Balents, L., & Hsieh, D. Giant modulation of optical
nonlinearity by Floguet engineering. Nature 600, 235-239 (2021).

Zhou, S., Bao, C., Fan, B., Zhou, H., Gao, Q., Zhong, H., Lin, T., Liu, H., Yu, P., Tang, P., Meng,
S., Duan, W. & Zhou, S. Pseudospin-selective Floquet band engineering in black phosphorus. Nature
614, 75-80 (2023).

Kapitza, P. L. Dynamic stability of the pendulum with vibrating suspension point. Sov. Phys. JETP
21, 588-597 (1951).

D’Alessio, L. & Polkovnikov, A. Many-body energy localization transition in periodically driven
systems. Ann. Phys. 333, 19-33 (2013).

Citro, R., Dalla Torre, E. G., D’Alessio, L., Polkovnikov, A., Babadi, M., Oka, T., & Demler, E.
Dynamical stability of a many-body Kapitza pendulum. Ann. Phys. 360, 694710 (2015).

Bukov, M., D’Alessio, L. & Polkovnikov, A. Universal high-frequency behavior of periodically
driven systems: From dynamical stabilization to Floquet engineering. Adv. Phys. 64, 139-226 (2015).

137



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Reference

Lerose, A., Marino, J., Gambassi, A. & Silva, A. Prethermal quantum many-body Kapitza phases of
periodically driven spin systems. Phys Rev B 100, 104306 (2019).

Zhao, X., Zhang, K., Xu, K., Man, P., Xie, T., Wu, A., Ma, G., Cao, S. & Su, L. Crystal growth and
spin reorientation transition in Smo 4ErosFeOs orthoferrite. Solid State Commun. 43, 231-232 (2016).

Weiss, M. A., Herbst, A., Schlegel, J., Dannegger, T., Evers, M., Donges, A., Nakajima, M.,
Leitenstorfer, A., Goennenwein, S. T. B.,, Nowak, U. & Kurihara, T. Discovery of ultrafast
spontaneous spin switching in an antiferromagnet by femtosecond noise correlation spectroscopy.
Nat. Commun. 14, 7651 (2023).

Aytan, E., Debnath, B., Kargar, F., Barlas, Y., Lacerda, M. M., Li, J. X., Lake, R. K., Shi, J. &
Balandin, A. A. Spin-phonon coupling in antiferromagnetic nickel oxide. Appl Phys Lett 111,
252402 (2017).

Blank, T. G., Grishunin, K. A., Ivanov, B. A., Mashkovich, E. A., Afanasiev, D., & Kimel, A. V.
Empowering control of antiferromagnets by THz-induced spin coherence. Phys. Rev. Lett. 131,
096701 (2023).

De Giovannini, U., Hiibener, H. & Rubio, A. Monitoring electron-photon dressing in WSe,. Nano
Lett. 16, 7993-7998 (2016).

Oka, T. & Kitamura, S. Floguet engineering of quantum materials. Annu. Rev. Condens. Matter Phys.
10, 387-408 (2019).

Mashkovich, E. A., Grishunin, K. A., Mikhaylovskiy, R. V., Zvezdin, A. K., Pisarev, R. V.,
Strugatsky, M. B., Christianen, P. C. M., Rasing, Th. & Kimel, A. V. Terahertz optomagnetism:
Nonlinear THz excitation of GHz spin waves in antiferromagnetic FeBOs. Phys. Rev. Lett. 123,
157202 (2019).

Bae, Y. J.,, Wang, J., Scheie, A., Xu, J., Chica, D. G., Diederich, G. M., Cenker, J., Ziebel, M. E.,
Bai, Y., Ren, H., Dean, C. R., Delor, M., Xu, X., Roy, X., Kent, A. D. & Zhu, X. Exciton-coupled
coherent magnons in a 2D semiconductor. Nature 609, 282-286 (2022).

Salikhov, R., llyakov, 1., Korber, L., Kékay, A., Gallardo, R. A., Ponomaryov, A., Deinert, J.-C., de
Oliveira, T. V. A. G., Lenz, K., Fassbender, J., Bonetti, S., Hellwig, O., Lindner, J. & Kovalev, S.
Coupling of terahertz light with nanometre-wavelength magnon modes via spin-orbit torque. Nat.
Phys. 19, 529-535 (2023).

Karnetzky, C., Zimmermann, P., Trummer, C., Duque Sierra, C., Worle, M., Kienberger, R., &
Holleitner, A. Towards femtosecond on-chip electronics based on plasmonic hot electron nano-
emitters. Nat. Commun. 9, 2471 (2018).

Smith, R. & Darcie, T. Demonstration of a low-distortion terahertz system-on-chip using a CPS
waveguide on a thin membrane substrate. Opt. Express 27, 13653 (2019).

Gallagher, P., Yang, C. S., Lyu, T., Tian, F., Kou, R., Zhang, H., Watanabe, K., Taniguchi, T. &
Wang, F. Quantum-critical conductivity of the Dirac fluid in graphene. Science 364, 158-162 (2019).

Potts, A. M., Nayak, A. K., Nagel, M., Kaj, K., Stamenic, B., John, D. D., Averitt, R. D. & Young,
A. F. On-chip time-domain terahertz spectroscopy of superconducting films below the diffraction
limit. Nano Lett. 23, 3835-3841 (2023).

Oono, Y. Perspectives on Statistical Thermodynamics. (Cambridge University Press, Cambridge,
2017).

138



Acknowledgement

Acknowledgement

This thesis summarizes the research conducted over three years from 2021 in the group of Optical
Material Science (formerly Nanophotonics), under the supervision of Associate Prof. Hideki Hirori.

Associate Prof. Hideki Hirori instructed me in various aspects of research, encompassing planning,
experimental methods, presentation skills, and paper writing, enabling me to accumulate
considerable experience in conference presentations and paper submissions. During discussions with
collaborators, he aided me in clarifying my expressions. In the process of writing applications, he
imparted techniques for making my words more engaging and persuasive.

Prof. Yoshihiko Kanemitsu provided various support, including research proposals and advice on
samples as well as experiment methods, during data reporting sessions. Based on his experience, he
advised me on how to control the overall direction of research and what constitutes meaningful
research.

Former Special Associate Prof. Hirokazu Tahara provided various experimental and theoretical
advice about my research during the data reporting sessions and journal meetings. Former Special
Assistant Prof. Fumiya Sekiguchi who taught me constructing the first experiment setup, was very
helpful. He can always patiently discuss with me about the experimental matters and the theoretical
knowledge. Because we shared the similar hobbies, it is relaxing to chat with him during the daily
life. Former Special Assistant Prof. Takumi Yamada greatly helped me with data analysis and
measurement programs. He made the laboratory more user-friendly. Former Special Assistant Prof.
Taketo Handa is very enthusiastic and frequently consulted with me whenever | encountered
difficulties. Assistant Prof. Go Yumoto can always ask sharp questions during data reporting sessions
and journal meetings, deepening my consideration of experiments. Senior colleague Yasuyuki Sanari
shared me with interesting things and helped me relax. Former Special Assistant Prof. Kan Hayashi,
former researcher Gong Chen, senior colleagues Ohara Keiichi, Masada Sojiro, Etsuki Koiyama,
Kenichi Cho, Kotaro Nakagawa, junior colleagues Chika Higashimura, Minoru Sakamoto, Kei
Maruyama, Yusuke Daikoku, Hiroto Umetani and Yuichi Watanabe all provided significant daily
support in my research life. Technical Assistant Kimiko Nagata was greatly helpful in administrative
procedures related to the research.

I would also like to express my heartfelt thanks to Prof. Masahiro Sato, Shunsuke Furuya, and
Minoru Kanega for their assistance with theory derivation. Additionally, | extend my sincere
gratitude to Prof. Hiroshi Kageyama, Associate Prof. Takafumi Yamamoto, Associate Prof. Makoto
Nakajima, Yu Mukai, and Takayuki Kurihara for their help with sample fabrication.

I also want to thank Prof. Koichiro Tanaka, Associate Prof. Nobuko Naka, alumni Satoshi Kusaba,
alumni Kohei Shimomura and alumni Kenji Takiguchi of Tanaka Lab. for their help during my first
year in Japan. At last, | want to thank my friends and family for supporting me and cheering me up
all the time.

139



