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Observation and control of the magnetic order
dynamics using terahertz magnetic nearfields
enhanced by metallic microstructures
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Abstract

Control of ultrafast spin dynamics in the terahertz (THz) frequency region is a cutting-edge technology that
is expected to enable picosecond-fast operation of spintronics devices. Recently it has been shown that the
magnetic field component of the THz pulse can drive spin dynamics without causing higher-energy electronic
transitions. Using this, the possibility of manipulating macroscopic magnetic order with intense THz waves
are attracting interest. However, although some theoretical works are reported, the control of magnetic order
in a macroscopic level has not been realized so far.

In order to realize such large-amplitude manipulation of spins using THz magnetic fields, in this Thesis we
focused on the spin system which responds highly sensitively to the THz magnetic fields, that is, the spin
reorientation phase transition (SRPT) that occurs in erbium orthoferrite (ErFeOs). In addition, in order to
increase the available strength of the THz magnetic field, we introduced a method of plasmonic enhancement
in a subwavelength metallic structure called split-ring resonator (SRR). It is expected that usage of magnetic-
field enhancement that occurs in such structure enables the spin dynamics to be enhanced by orders of
magnitude through nearfield coupling.

The present Thesis consists of two main parts.

In chapter 3, we investigated the basic characteristics of the spin dynamics resonantly excited by the SRR
structure. It was shown that the THz magnetic nearfield around the SRR structure is actually capable of
enhancing the spin precession, by a factor reaching nearly an order of magnitude compared to direct impulsive
excitation by incident THz field. Detailed analysis showed that the lifetime of spin precession excited by the
SRR magpnetic field is shortened compared to the original lifetime. This indicates the existence of interactive
energy transfer between spin and SRR resonances mediated by magnetic nearfields, which caused the energy
of the spin system to be consumed by Joule loss in the SRR structure.

In chapter 4, we used such THz magnetic nearfields to control the macroscopic magnetization states of
ErFeOs. We applied the enhanced THz magnetic nearfields at the initial stage of the ultrafast optical heat-
assisted SRPT process. As a result, it was shown that the magnetization after SRPT can be aligned almost
uniformly by the application of THz magnetic field, breaking the symmetry of the otherwise degenerated
phase transition paths. We revealed that the observed magnetization alignment during SRPT is caused by the
instantaneous phase of the coherent spin precession at the moment of SRPT when spin precession amplitude
is large enough. When its amplitude is small, on the other hand, we showed in Chapter 5 that the shift of free
energy due to transient THz magnetic field becomes the dominant mechanism which causes the magnetization
alignment.

To the best of our knowledge, this was the first demonstration that the THz magnetic field has been
successfully utilized to manipulate the macroscopic states of spin system, which paves the way for realization

of ultrafast spintronics devices in future.
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1.1 Terahertz (THz) control of magnetic system

1.1.1  THz spectroscopy

Terahertz (THz) is a term used to indicate the frequency of 102 Hz. This frequency region (around 0.1~10
THz, or wavelength of several tens of um to mm) lies above the limit of operation frequency of electronics
technology (~10 GHz). It is also much below the frequencies where conventional optical spectroscopic
techniques are applicable, because the photon energy of THz waves is below that of background thermal
radiation of room-temperature and its direct detection required cryogenically cooled devices, and also its
efficient generation methods have been quite limited until recent years. The situation has changed drastically
in the 1980s, when it was shown that the ultrafast femtosecond (fs) laser pulses can be used to relatively easily
generate the THz waves as the form of monocycle pulses with broadband frequency spectrum, and to detect
the temporal waveform of its electric field component directly in the time domain. This method, now referred
to as THz time-domain spectroscopy (THz-TDS) [l is the basis for modern THz technologies, and has
caused breakthrough in the spectroscopic study of this frequency region. Since its development, its usage has
been spreading through both fundamental scientific study and industrial applications, and is considered one
of the most important expanding areas of photonics researches. From the viewpoint of condensed-matter
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physics, lots of important elementary excitations are present in this frequency region, such as exciton, plasmon,
phonon, molecular vibration, and magnon, etc. As such, the THz waves are suited to directly visualize the
dynamics of resonant and impulsive responses of such excitations. Owing to this feature, THz-TDS has
become one of the most important tools in solid-state spectroscopy.

1.1.2 Usage of intense THz electric fields

The light field can be used not only to probe the properties of solids, but also to cause drastic change of the
system. Spectroscopy using intense electromagnetic waves provides rich information on the nonequillibrium
states and dynamical behavior of matter. Owing to the recent developments in intense THz light sources (-
1131 the nonlinear spectroscopy techniques in THz frequency region is rapidly growing. The electric fields
reaching ~1 MV/cm that can be obtained in the state-of-the-art table-top intense THz-TDS systems is
comparable to the strength of internal electric field that the electrons in solids feel due to the presence of ionic
potentials. By using the laser-based THz sources, it is possible to apply such intense electric fields within
picoseconds (ps). It should be noted that observation of the dynamical response of electronic systems under
such high electric fields is quite difficult in conventional transport experiments where only the static electric
fields are used, because under such strong electric fields, destructive changes of the system (i.e., electrical
breakdown) occurs. Due to this unique feature of intense-THz spectroscopy, it has been applied to various
studies such as ultrafast transport processes [*4], excitonic transitions in solids %119 alignment of polar gas
molecules P2 high-harmonics generation 241121 resonant excitation of Higgs amplitude mode in
superconductors [?6127] and even metal-insulator phase transition process in transition oxide materials 28],

1.1.3 Control of spin dynamics with THz magnetic fields

In addition to the above-mentioned successes in the usage of THz electric field, more recently, its magnetic
counterpart is also attracting interest. Magnetic field component of light is usually regarded to cause negligible
effects on the electronic systems in the visible region, because they are much too faster than the response time
scale of the electron spins (magnetic permeability x = 1). However, the frequency of spin resonances in some
magnetic systems such as antiferromagnets can reach as high as THz frequency and therefore, magnetic field
of THz radiation can directly induce spin precession dynamics through magnetic dipole interaction (x# 1) 2%
361, 1391, Although many all-optical methods are known which enable the magnetization dynamics control, there
exists clear advantage in the usage of THz magnetic fields. Due to its low photon energy, it enables purely-
magnetic control of spin dynamics without causing excess heat and electronic transitions, which sometimes
hinder the magnetic response.

Previously, it has been applied to probe the picosecond-fast spin precession dynamics in various magnetic
materials. One of the most frequently used group of materials include the weak ferromagnet (for example,
orthoferrites RFeO3 [291135]), some ferromagnets (insulators such as e-Fe;O3 [%6] and metals E7138]) and
antiferromagnet (NiOPB®l, MnO, etc.). As one of the earliest examples, in [36] it is demonstrated that the
quasi single-cycle THz magnetic field can induce spin precession in picoseconds in a ferromagnet (-Fe2QO3),
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resulting in the emission of circularly-polarized free-induction decay (FID) radiations. It was also shown that
the use of two THz pump pulses can even coherently control the amplitude of spin precession motion, by
either enhancing it or attenuating it depending on the arrival time of second pulse [2°1, Similar demonstrations
have been performed on various other materials as well 33 3% suggesting the potential applicability of this
method on ultrafast information processing devices in future.

In these previous studies, however, the amplitude of coherent spin precession motion induced by THz field
was very small, reaching less than 1 degree in the best cases. Increase of the precession amplitude is expected
to realize novel magnetization dynamics that are both important from the viewpoint of fundamental science
and applications, namely, magnon-magnon scattering 1 2 spin precession-induced second harmonics
generation (SHG 3l [41) parametric pumping 15471 and ultrafast magnetization reversal (81150 | etc.

Motivated by this, experimental schemes to realize large-amplitude spin dynamics using intense THz
magnetic fields have been proposed in recent theoretical studies. For example, in [49] it is theoretically
suggested that the application of very intense THz magnetic fields on the antiferromagnetic spin systems may
enable the permanent state of antiferromagnetic magnetization to be reversed on ps time scale. Some other
works also report similar phenomenon, based on the theoretical calculation results. Though exciting these
predictions are, realization of such direct magnetization reversal is challenging: the THz magnetic field
strength required to realize such phenomena was estimated to be an order of ~10 Tesla, which corresponds to
the electric field strength of about ~30 MV/cm. This value is nearly 1 to 2 orders of magnitude larger than
what is attainable by using the state-of-the-art table top intense THz pulse sources*?, and therefore, no one
has realized such dynamics up to now.

1.1.4 Spin reorientation phase transition (SRPT)

In order to break such situation and realize the drastic change in magnetic order using THz magnetic fields,
in this Thesis we focus on a magnetic system which responds much sensitively to the magnetic field, namely,
the phase transition process. Generally speaking, during the process of magnetic phase transition the spin
systems undergo a state where its magnetic susceptibility diverges, i.e., softening behavior.

Previously, there has been some reports that the THz magnetic field has been applied to probe the static and
dynamical behaviors of magnetic order during the phase transition process. As an example, Yamaguchi 1
demonstrated this in the orthoferrite ErFeO3 which is a typical material known to exhibit spin reorientation
phase transition (SRPT). SRPT is a special type of magnetic phase transition induced by the temperature-
change of the magnetoanisotropy energy, wherein the antiferromagnetic order rotates by 90 degrees around
the transition temperature region. It was indicated that by monitoring the FID emission in the THz-TDS
measurement, it is possible to distinguish the low temperature (LT) and high temperature (HT) states of the
system. Similar reports have been made on related materials with this method 3% [33], However, the control of
such magnetic transition process using THz fields has not been reported.

On the other hand, the control of SRPT process using all-optical methods are one step ahead at the moment.
The circularly-polarized fs optical pulse can induce the magnetic phase transition process through ultrafast
thermal %164 and nonthermal effects U581, Furthermore, such ultrafast SRPT dynamics are shown to be
sensitive to the small magnetic perturbations 4671 applied at the initial state. For example, de Jong [5¢]
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suggested that even a small fluctuations of the magnetic system such as spin precession can lead to the
formation of macroscopically aligned magnetization upon SRPT, breaking the symmetry of the phase
transition path.

Considering such situation, it is expected that perturbation by THz field can cause a drastic change of the
magnetic order if properly applied to the magnetic phase transition process assisted by photo irradiation. More
precisely, the spin dynamics induced by the intense THz magnetic field may have a potential to determine the
path of phase transition process initiated by the ultrafast optical heating. In chapter 4 and 5 such concept will
be verified experimentally.

In order to realize the abovementioned magnetic field control of the phase transition process, we need to
obtain the THz magnetic fields as strong as possible to apply on the spin system. For this purpose, we use the
intense THz pulse with the peak electric field strength of several hundreds of kV/cm and magnetic field
strength of several thousands of Oersted, produced from the state-of-the-art THz light source. We also
introduce a method that is known to enable enhancement of electromagnetic field strengths by orders of
magnitude: plasmonic enhancement in subwavelength metallic structures. Such techniques are conventionally
used to enhance the energy of electric fields of light. In this Thesis, we apply it to enhance the magnetic field
component of the THz waves, aiming at enhancing the amplitude of spin precession.

In addition to its ability of enhancing the absolute amplitude of the magnetic field strengths, plasmonics
technique also has the advantage that in the nearfield regions, only the magnetic field can be selectively
enhanced while keeping the electric field strength at small amplitude. This feature is preferable in the sense
of realizing a purely magnetic control of the spin dynamics while avoiding the electric-feld effects.

1.2 Field enhancement using metallic subwavelength structures

1.2.1  Plasmonic enhancement in metallic structures and metamaterials

In this section, we briefly review the history and usage of plasmonic structures in spectroscopy and
application. It has been already known in the 1950s that the electromagnetic energy of light can be confined
in structured metallic surfaces, through collective excitation of electronic density wave coherently coupled to
electric field of light (plasmons). This oscillation generates strongly localized and enhanced electric field in
the vicinity (nearfield) of subwavelength metallic structures, typically reaching 102 to 102 of the incident light
field. Such nearfield enhancement effects in structured metals have been applied from the 1980s for sensing
technique such as, for example, the surface-enhanced Raman scattering measurement 581171, At those times
it was discovered that the enhancement efficiency of electric field strength depends strongly on the
subwavelength structures. Based on this large degree of freedom in the designability of such structures, the
plasmonic enhancement effects are currently applied in wide area of photonic and optoelectronic devices such
as chemical sensor [l high-efficiency photovoltaic cells ["2-761 | fast-response Si photodiode "7} [8] and
magnetooptical memory devices [61, etc.
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Nowadays, the plasmonics study has evolved into a more generalized research concepts: metamaterials.
The idea of metamaterials is to realize the electromagnetic response that does not exist in nature by artificially
engineering the physical properties of materials —especially, their electric and magnetic responses to incident
light field, i.e., dielectric constant ¢ and/or magnetic permeability « of the material- using subwavelength
structures. Inclusion of the concepts of artificial designing of ¢ and x has extended the perspectives of
photonics. Based on such concepts, many fascinating electromagnetic phenomena have been proposed and
demonstrated so far, including negative refraction ["*1831, super-resolution imaging 4, enhanced optical
activity 851871 and optical cloaking 8891 etc.

1.2.2 Plasmonic techniques in the THz region

It has been considered until recently that such nearfield enhancements require the excitation of “true”
plasmons in metals, whose frequencies are determined by intrinsic properties (carrier density) of host materials.
However, it was shown in the 1990s that artificially designed subwavelength structures composed of ideal
metals can also exhibit electromagnetic resonance modes which macroscopically shows a response similar to
the true plasmons, at arbitrary frequencies depending on their structure designs. They are often called “spoof
plasmons” [9211%] Hence, the term plasmonics is now used to indicate the research field where both types of
plasmons (the true- and spoof- plasmons) are used.

This extended the applicable frequency region of plasmonics and metamaterial techniques into the broad
spectral region ranging from the VIS-UV down to microwave, millimeter and THz regions. Especially, their
properties were extensively studied in the THz frequency region, because the wavelength (10 um ~ 10 mm)
is much longer than the visible and thus sample fabrication is relatively easy. Also, in the THz region,
conventional metals such as gold, copper, silver and aluminum that constitute metamaterials can be regarded
as almost perfect conductor and therefore, it is suited for experimental implementation of the metamaterials
with ideal characteristics.

1.2.3 Split-ring resonator as a tool for THz magnetic field enhancement

A lot of structure designs have been proposed to realize metamaterials in the THz region. One of the most
frequently used structures is the split-ring resonator (SRR) 71100 _3 subwavelength metallic loop structure
baring a gap. The feature of its lowest resonance mode is often modelled as inductance (L) — capacitance (C)
circuit: the ring is regarded a single-turn coil L, and the gap is capacitance C. Because of the large magnetic
moment induced by the current oscillation, the SRR can couple to the magnetic field of THz waves effectively
and therefore has been widely used to realize artificial « in the metamaterial studies.

In some cases, it is known that the magnetic field produced inside the ring associated with such resonance
can reach several orders of magnitude larger than the original magnetic field contained in the incident light
field. This allows us to use such magnetic nearfield to enhance the spin precession amplitude. One of the main
concepts of the present Thesis is to realize such enhanced spin precession using SRR and to examine its
dynamics, aiming at investigating the influence of coupling between the spin- and SRR-resonances.
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1.3 Purpose of this Thesis and outline

The ultimate purpose of this Thesis is to realize the macroscopic change of magnetization states using THz
magnetic field. To do this, we propose the following two strategies:
(1) Realize the enhanced dynamics of spin precession using the magnetic field enhancement in SRR structure,
(2) Apply the enhanced magnetic field to a spin system which responds to external magnetic fluctuation
highly sensitively (i.e., ultrafast magnetic phase transition process).

The following Chapters in this Thesis are presented as follows:

Chapter 2 introduces the properties of sample material used in the study (the erbium orthoferrite ErFeOs),
general spectroscopic techniques for generating / detecting the intense-THz pulses, designing of SRR structure
using numerical simulation of electromagnetic fields.

Chapter 3 describes the result of experiment conducted to validate the concept of Strategy (1). It was shown
that the SRR is capable of enhancing the amplitude of spin precession by resonant excitation through resonant
coupling mediated by magnetic fields.

Chapter 4 is devoted to the result of experiment performed to realize Strategy (2), using the method
demonstrated in Chapter 3. It was discovered for the first time that the THz magnetic field in SRR is capable
of selectively controlling the path of phase transition, leading to the formation of macroscopically aligned
ferromagnetic domain states.

Chapter 5 presents the detailed theoretical analysis for the results shown in Chapter 4.

Lastly, Chapter 6 summarizes the conclusion of this research.
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In this chapter, the background information necessary for experiment performed in the succeeding chapters
are presented. Firstly, in subsection (2.1), the basic physical properties of sample material used in the study
(rare-earth orthoferrite ErFeQs) are reviewed, accompanied by theoretical model used to describe its magnetic
behaviors. Secondly, in (2.2) the principles of experimental setups used to generate and detect the intense THz
pulses are presented. Also, the method for measuring the spin dynamics are presented. Lastly, in (2.3) the
basic features of split-ring resonator (SRR) metamaterials and its field enhancement effects are reviewed.

Also, we refer to the previous researches focused on the coupling between SRR and spin systems.
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2.1 Rare-earth orthoferrites (RFeO3)

2.1.1 Basic properties of orthoferrite

Sample material used in the study is erbium orthoferrite (ErFeOs), which belongs to the series of rare-earth
orthoferrite RFeOs, where R = rare earth ions [1°4, From chemical composition they can be categorized as
perovskite iron oxides. As its name indicates, the crystal structure of RFeO3 (Figure 2-1) is slightly distorted
from cubic and exhibits orthorhombic symmetry (space group = Pbnm). The crystal field splitting of the 3d
orbits of the Fe3* ion (i.e., 10 Dq) is not large, and so the five electrons in Fe3* ion are packed in accordance
with Hund’s rule and exhibit high-spin state (S = 5/2) as the ground state. Like many other iron-oxide magnetic
materials (ferrites), the 3d electron orbit of the Fe®* ion contained in RFeO3 has an overlap with the electron
orbit of the legand ions (3p electron orbit of O ions that surrounds Fe®* ion octahedrally) and interacts with
the neighboring Fe®* ions via superexchange. This causes antiferromagnetic ordering of the Fe®* system [102]
below Néel temperature Ty ~ 600 K. Furthermore, the orthorhombic distortion of the crystal symmetry
induces nonequivalence of the Fe3* sites. This leads to the antisymmetric exchange interaction called
Dzyaloshinskii-Moriya (DM) interaction (103112041 and due to this, the antiferromagnetically aligned spins are

slightly canted from each other, giving rise to the appearance of weak ferromagnetic moments.

¢ (z)

b ()
B Fe
M r
M o

Figure 2-1: Crystal structure of the rare-earth orthoferrite RFeQOs.
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Figure 2-2: Magnetic configurations in orthoferrites allowed under crystal symmetry and antiferromagnetic interaction.

2.1.2 Spin configuration

Here, we will review the spin configuration of RFeOs in the equilibrium state. It is known that in a unit cell,
four nonequivalent Fe3* sites are present. Figure 2-2 schematically illustrates the three antiferromagnetic spin
configurations that are allowed under the crystal symmetry of PbnmU%l, Using the notation introduced by
Bertaut %2, they are commonly called I'y, I'; and I's phases. While there are actually four spins, in most cases
it is approximated that s; = sz and sz = s4. This simplification is called “two-spin approximation”. It is known
that such simplification has negligible effects in the consideration of basic feature of the magnetic resonance
and ground states of orthoferrites, and are frequently used to describe their properties 10111061, Therefore, we
will continue our argument under this approximation hereafter. Then, using the ferromagnetic vector M = s;
+ s and antiferromagnetic vector G = s; - s, the abovementioned spin configurations can be characterized by
the directions of M and G. For example, I's = T's (GxM;), which means that the spins are aligned along x-axis
and the macroscopic magnetization is directed towards z-axis. Likewise, notation T'> = T'> (GyMy) and 'y =
I'1 (Gy) are often used.

In many orthoferrites where the rare-earth ions are magnetic, temperature-induced phase transition between
I's and T's, or T'2 and T'4 are known to occur. These phase transitions are called spin reorientation phase
transition (SRPT). The transition between I'; and T's is called “rotation-type” SRPT, because the spin
configuration continuously rotates by 90 degrees from I, (in the low temperature (LT)) to I's (in the high
temperature (HT)) within some finite temperature regions. In between LT and HT, spin configuration exhibits
an intermediate state I"24, wherein the spins are rotated by 0 ~ 90 degrees depending on temperature. This type
of SRPT occurs in many orthoferrites, such as NdFeO3z, SmFeOs, TmFeOs, HoFeO3, YbFeOs and also in
ErFeO; 10711091 'which is the sample material used in this Thesis. On the other hand, the transition between
I'1 and T4 is quite rare in orthoferrite and occurs only in DyFeOs. Unlike the previous case, this transition
occurs abruptly at some temperature T, and for that it is called “abrupt-type”” SRPT, or Morin transition [20],

It is recognized that the origin of the abovementioned SRPT phenomena is ascribed to the change of Fe3*

ion’s magnetic anisotropy energy against temperature, owing to the temperature change of rare-earth ion’s
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paramagnetic magnetization that is coupled to the Fe®* ion through exchange interaction (111 [112]|n the next
subsection, we present the free energy description of the spin system that is most frequently used to express
the SRPT phenomena in RFeOs.

2.1.3 Free-energy description of the rotation-type SRPT
The rotation-type SRPT process that takes place in the ErFeQOs is known to be well described by the free

energy of the abovementioned two-spin model in the following manner:

F(SIJSZ) = ](Sl ' SZ) +D- (Sl X SZ) + Axx(slzx + Szzx) +Azz(Slzz + Szzz)

(eq.2-1)
+ Ay(Sty + Sty + St + S5 + S5, +52,) + Hy * (514 S3)

The first term is the exchange energy, which gives the largest contribution to the free energy and constructs
the antiferromagnetic structure. Second term is the Dzyaloshinskii-Moriya interaction that tends to make the
angle of S; and S, perpendicular to each other. Third and fourth terms are the single-ion anisotropy of second
and fourth order. The last term is the magnetic dipole energy caused by the external magnetic field (i.e., static
or THz magnetic field). The magnitudes of each parameter are deduced from various experiments, and
estimated to be J ~ 600 K, D/J ~ O (102), Az /J ~ O (10%) and A4/ J ~ O (10#) [113]. [114],

The cant angle Scaused by Dzyaloshinskii-Moriya interaction is known to be almost temperature
independent, and is given by:

B~ (1/2) tan'’}(D / J) ~ O (1 degree). (eq. 2-2)

During the SRPT, the equilibrium position of S1 and S; spins lies within in the x-z plane, as shown in Figure

2-3 (a). We can then describe this rotation by substituting;
S1= (sin(&+),0,cos(6+/)) and Sz = (-sin(6f),0,-cos(&-5)), (eq. 2-3)
and rewrite (eg. 2-1) as a function of 0 as:
F(0) = K, cos(20) + K, cos(48), (eq. 2-4)
where
Ku = -4(Axc - Azz) €052PB, Kb = Aq COSAP. (eq. 2-5)

It is known that the temperature dependence of AFM- and FM-mode resonance frequencies near the SRPT
temperature regions can be approximated by assuming Ax (T) = constant, A4 (T) = constant and A, (T) =
linear against temperature. Therefore, we can substitute them into (eg. 2-5) to obtain

Ku(T) =Ko+ Ki T (eq. 2-6)

By substituting this into (eq. 2-4), the free energy curves of Fe** spin system at various temperatures can be
obtained, as shown in Figure 2-3 (b). As can be seen, the potential minimum is located at =0 (M // a) in the
low temperature (LT) phase, = +90 (M // £¢) in the high temperature (HT) phase, and at 0 < |#| < 90 (two
minimum points around &= 0) in the intermediate temperature region. From this, the equilibrium direction of
magnetization at each temperature can be calculated by connecting their potential minimum points, as shown

in Figure 2-3 (c).

10



2.1 Rare-earth orthoferrites (RFeO3)

F(0) = K,(T)cos20 + Kycos40
K (T) = Ko+ K,T
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Figure 2-3: (a) Definition of @and g. (b) Free energy calculated from eq. 1-5. Filled circles indicate the points where
F (0) takes its minimum. (c) The free energy minimum angle 6hmin as a function of temperature.
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2.1 Rare-earth orthoferrites (RFeO3)

2.1.4 Magnetic resonance modes

The free-energy description can be applicable to the analysis of not only the equilibrium state of spins but
also their dynamical behaviors. Here, we focus on the magnetic resonance modes of RFeOs. Regarding the
magnetic free energy to be the function of magnetizations S; and Sy, we can define the effective magnetic
field acting on each spin sublattices as the spin-derivative of the free energy: Hefr1,2 = 0F/0S1,2. Using this, the
dynamics of each spins can be calculated by solving the Landau-Lifshitz-Gilbert (LLG) equation given by the

following equations:

ds, ds,

= Sy X Hoppy +aSy x—2 (eq. 2-7)
% = —yS; X Hepp +aS; X % (eqg. 2-8)
Herra = _2_512 (eq. 2-9)
Hepf, = _;_si (eq. 2-10)

Here, ¥ is the gyromagnetic coefficient of electron spin and the second terms in the right hand side of eq.2-
7 and eq.2-8 represent damping. It was first derived by Herrmann [°6] that two independent resonance modes
exist as the solution to this set of equations. They are called antiferromagnetic-mode (AFM) and
ferromagnetic-mode (FM) resonances, and in most orthoferrites they lie in the sub-THz region.

Under some simplifications and linearization with respect to Si, The resonance frequencies corresponding

to AFM and FM modes are approximated as follows [106]. [115]:

2
(%) =4 + Axx) (Axx — Azz) (eg. 2-11)
2
(22) = 40 + (e = A00) + 7 (¢a.212)

The motions of S1, S, and total magnetic moment M = S; + S, are schematically shown in Figure 2-4[106],
The FM involves the precession motion of macroscopic magnetization M, for which it is called “ferromagnetic”
mode. On the other hand, in the AFM the stretching motion of M occurs instead of precession. These two
modes are optically active via magnetic dipole interaction, and can be excited by the application of THz
magnetic fields with properly aligned polarization. In the T'4 state, for example, the AFM is excited when Hry;,
Il 'z (magnetic field is parallel to M) and FM is excited when Hrh, // X and y (magnetic field is perpendicular

to M). In this Thesis we focus on the dynamics of FM-mode resonance.

12
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FM-mode AFM-mode

Figure 2-4: The two magnetic resonance modes of orthoferrites in the THz region. The ferromagnetic (FM)-mode corresponds

to the precession motion of M, while antiferromagnetic (AFM)-mode can be regarded as its stretching motion.

2.1.5 Temperature dependence of FM mode resonance

As mentioned in the previous subsection, the frequencies of AFM and FM mode resonance are dependent
on the magnetoanisotropy coefficients A, x. Especially, that of FM mode is proportional to (Az - Ax)Y2.[11%]
In ErFeQO3, A;z and Ay are almost matched with each other near the SRPT temperature regions, and therefore,
the FM frequency softens around this temperature. The temperature dependence of FM-mode mode frequency

is shown in Figure 2-5 [31,

10 T T T T T T
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Or y, mode -
S E S XN} ° o
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2 04+
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Temperature (K)

Figure 2-5: The temperature-dependence of FM- and AFM modes of ErFeQs [31,

13
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2.2 Generation and detection of THz pulses

In this section the general principles of generation and detection methods of THz pulses using nonlinear

optical processes are introduced.

2.2.1 THz time-domain spectroscopy (THz-TDS)

The uniqueness of THz-TDS is that the waveform of electric field is directly measured in the time-domain.
This means that not only the magnitude but also the real and imaginary parts of optical properties of matter
such as complex refractive index and absorbance can be directly measured without using Kramers-Kronig
relations, unlike conventional spectroscopic techniques in the visible regions which measure the intensity of
light. When applied to the magnetic materials, it enables the measurement of spin dynamics in the time domain.

The general concept of THz-TDS is shown in Figure 2-6. In THz-TDS experiments, femtosecond laser
pulses (typical time width = 10~100 fs) are used for both the generation and detection of THz waves. Various
materials are known as the emitter/detector of the THz waves, but most commonly the nonlinear optical
processes such as optical rectification and Pockels effect in »? nonlinear crystals (ZnTe, GaP and LiNbOs,
for example) are used. Experimental setup used to generate and detect the THz waves are schematically
illustrated in Figure 2-7. It is based on pump-probe scheme, where the pump pulse (here, the electric field of
emitted THz pulse) induces transient change of optical properties in matter and the subsequently incident gate
pulse with a proper time delay probes its value. In THz-TDS, THz waves generated in the (emitter) nonlinear
crystal is focused onto another (detector) crystal. The electric field of THz waves induces a transient
birefringence in the detector crystal through Pockels effect. This birefringence reflects the transient amplitude
of incident THz electric field. Therefore, by detecting the change of polarization in transmitted probe pulse
induced by this birefringence while scanning time delay between the THz and probe pulse, temporal waveform
of THz field is measured. Detailed explanations of the generation and detection methods are given in the

following subsections.

2.2.2 Generation of THz waves via optical rectification
Generation of THz waves is commonly realized by using optical rectification process in second-order
nonlinear optical crystals. In a non-inversion symmetric media, second nonlinear optical coefficient is allowed

to exist. General expression of such process is represented as follows:

PP = g ZXL(JIEE] (eq. 2-13)

Here, (i, j, k) are indices of Cartesian coordinates (X, y, z). Pi is the generated nonlinear polarization, ;j®
is the nonlinear susceptibility tensor of the second order, & is the dielectric permittivity of vacuum, E j and

E « are the j- and k- components of incident optical electric field.
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Detected Signal

THz waveform

Figure 2-6: General concept of THz-TDS.

The electric field causes a change of dielectric
properties proportional to its field amplitude in a
detector material, which is probed by a
subsequently incident femtosecond laser pulse.
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Figure 2-7: Typical THz-TDS experimental setup for generating and detecting the THz electric field

waveform by nonlinear crystals
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2.2 Generation and detection of THz pulses

When an intense optical field E (t) = Eo e is incident on the sample, this 2"—order nonlinear process leads
to the sum frequency generation from two photons with frequency o and -w. Using the reduced nonlinear
susceptibility coefficient, the resulted polarization is expressed as follows [171:

P@ = 2¢,xP(0,w, —w)E} (eq. 2-14)

This means that the d.c. component whose waveform is identical to the envelope of incident optical field is
generated. This process is called the optical rectification. Usually, femtosecond pulses that has temporal width
of ~100 fs are used for THz-TDS. Therefore, the THz pulse generated from this polarization has a duration
period comparable to the incident optical field, typically several hundred femtoseconds to picosecond.

The kind of nonlinear crystals used for THz generation is chosen considering the phase matching condition
between THz and optical pulses. In the collinear generation setup at 800 nm optical wavelength, the most
commonly used nonlinear crystal is the ZnTe, because it has a relatively large nonlinear susceptibility (y125?
~ 8 pm/V) and also the refractive index for 800 nm and THz frequencies are almost the same [nopt (812 nm)
= n7Hz (1.69 THz)] and therefore, exhibits high conversion efficiency from optical- to the THz fields. Various

other crystals are used depending on the application.

2.2.3 Generation of intense THz waves by tilted wave front technique

It is known that there exists other nonlinear optical crystals that exhibits much larger values of nonlinear
susceptibility than ZnTe. For example, that of LiNbO3 is known to be several times larger (y33s® ~ 27 pm/V).
However, the large refractive index mismatch between THz (ntw. ~ 5.2) and optical frequencies (n% ot ~ 2.3)
does not allow this crystal to be used in THz generation in the collinear configuration. Note that nopt ~ 2.3 is
smaller than ntw, ~ 5.2, which means that the group velocity of optical pulse v¥ g inside the LiNbO3 crystal
is around 2 times faster than the phase velocity vry, of generated THz pulse. Therefore, if a usual pump pulse
with its wave front perpendicular to the wave vector was used, the generated THz pulses cannot be coherently
added up at every position in the crystal due to the phase mismatch.

In order to solve this phase-mismatching problem, a novel method known as tilted wave front technique was
proposed and demonstrated by the groups of Hebling ¥ and Nelson 1. Figure 2-8 schematically illustrates its
principle. When a well-focused, point-like fs pulse is incident on the LiNbO;3 crystal instead of plane-wave
(a), the THz pulse generated by optical rectification will be radiated toward the direction away from the
original propagation direction of fs pulse. This angle yis given by:

UTHz ng;t.

cosy = = , eq. 2-15
Ve s o029

where n%q; is the group refractive index of the material in the optical frequency.
This relation is determined from the condition that the phase velocity of THz and group velocity of optical
pulse is fulfilled along the propagation direction of generated THz pulse. The idea of the method is to use the

incident optical pulse that has a wave front tilted from the original direction by this amount of angle [Figure
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2-8 (b)], so that the phase of generated THz pulse at different positions are always the same throughout the
propagation of incident pulse in the crystal. In other words, the radiated THz wave will get coherently
amplified during the propagation of light pulse within the LiNbOs3 crystal. Due to its resemblance to
Cherenkov radiation of ultraviolet light from dumped electron motion, this method is also often called
Cherenkov phase matching technique.

In order to obtain the tilted wave front, diffraction grating is used [Figure 2-9 (a)]. After the diffraction,
optical pulse is tightly focused on the LiNbO3 crystal by using a cylindrical lens to form a line-shaped beam.
Generated THz waves are collected and collimated by a parabolic mirror.

With this method, quite intense THz electric field with its peak amplitude reaching several hundreds of
kV/cm can be obtained using regenerative-amplified 800 nm pump pulses of ~100 fs time width, repetition
rate of 1 kHz and pulse energy of several mJ. However, it was revealed after the development of this technique
that in the imaging system consisting of grating, LiNbO3 crystal and only one lens, slight errors of focus
system can cause a great change of tilting angle, resulting in the distortion of wave front and weaker peak
amplitude of the output THz pulse waveform, because the tilt angle of the wave front strongly changes near
the focus point. In order to overcome this problem, Hirori et. al. [l employed a novel system which is known
as 4f-lens configuration as shown in Figure 2-9 (b). In this method, a pair of cylindrical lenses are placed
between the grating and LiNbO3 crystal. By using such imaging system, the image of the spot on the grating
is directly transferred onto the LiNbO3 crystal while maintaining the tilt angle of the wave front near the focus
point. This method enables more stable operation than imaging with only one lens, because around the LiNbO3
crystal the beam is almost collimated, and therefore, the tilt angle of the wave front does not differ significantly
for small alignment errors. With this method, they obtained the intense THz pulse that reached ~1 MV/cm.
As will be shown in Chapter 3, the measurement in this Thesis is based on similar setup, and THz fields with

peak electric field of several hundred kV/cm (magnetic field of ~0.1 Tesla order) are obtained.

(b)

x’/ : g
4 v TH=z

Figure 2-8: THz generation based on nonlinear Cherenkov phase matching with (a) a well-focused point-like optical
pulse and (b) plane wave with tilted wave front (31, Figure reprinted with permission from [3], © 2008 OSA.
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THz
Figure 2-9: Experimental setup used for
Cherenkov phase matching in LiNbO3
using (a) a grating and a focusing lens
and (b) a grating and 4f-lens pair. In (a),
the tilt angle of the wavefront changes
around the focus point and therefore, the
operation requires exact alignment of the
focus system. In (b), the tilt angle around
the focus remains almost constant, thus a
more stable operation than (a) can be
Pump accomplished.
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2.2.4 Detection of magnetization dynamics by magnetooptical (MO) effects

In this study, the magnetization dynamics of ErFeOs induced by the THz magnetic fields are detected by
means of magnetooptical Faraday effect. When light transmits through a transparent medium magnetized
along the direction parallel to the wave vector of light, it feels different refractive indices depending on its
helicity. As the linearly polarized light can be decomposed to right- and left- circularly polarized components,
such difference leads to the rotation of polarization direction after transmission. This phenomenon is called
magnetooptical Faraday effect.

Phenomenologically, the dielectric permittivity of such medium is represented as follows: [120]

&xx &y O
gj=| "€y &y O (eq. 2-16)
0 0 &y

In the following we assume &, = ¢,, for simplicity (no birefringence). We can assume that each
components can be expanded into the Taylor series of magnetization M. On the other hand, according to the
Onsager’s relations, each components are connected to its diagonal counterparts through following equation:

&ij(M) = &;(=M) (eq. 2-17)
This tells us that the diagonal elements are even and non-diagonal elements are odd with respect to M.

(€]
xy

the z direction with frequency o, there exist two eigenfunctions for refractive index n. and the corresponding

Therefore, we can assume &, (M) = &,,; - M as the first approximation. For optical field propagating along

normal modes E.:
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2 — .
Ny = & = &y,

S n (eq. 2-18)
Ey = Eo(R+iy)e @2

The normal modes shown above correspond to either right- (+) or left-circular (-) polarizations. Using
these, the Faraday rotation angle for a linearly polarized light propagating through the medium by a length L

can be expressed as follows:

" (nm
—Weyy 'L —wey, L (eq. 2-19)
0. = = M qg.
F 2cn 2cn

It can be seen that the Faraday rotation angle is proportional to the sample thickness and magnetization.
Therefore, the measurement of transient Faraday rotation allows us to directly detect the wavevector-
component of the spin dynamics. The coefficient for Faraday rotation against magnetization in a unit length
is determined intrinsically by the material property, and is called Verdet constant.

In a more microscopic view, magnetooptical effect is explained in the following manner [Figure 2-10 (a)].
Consider the optical transition between two-level system, where the ground state |g> has a singlet orbital state
with L = 0 and the excited state |e> has L = 1. If the medium was placed under magnetic field (either external
or internal field such as exchange field), it results in the lifting of degeneracy about spin states. This alone
does not affect the optical transitions because the optical field does not directly interacts with the spin.
However, when spin-orbit coupling is present, it causes the L = 1 states to split into M; = +1 and -1 states (M,
= 0 is neglected, since it does not affect magnetooptical effects). Optical transition from the ground state into
these states are allowed with circularly polarized light with opposite helicities: This means that the transition
frequency is shifted depending on their helicities. Therefore, it results in the shift of the corresponding
absorption peaks and hence, difference in refractive indices below the transition frequency. From detailed

analysis using the Kubo formula, the following relation is derived:
_NezfoAso (w - wo)z - VZ

eq. 2-20
dmegw (0 — wg)? +y2}2’ (¢q )

"o
Exy =

where A, is the spin-orbit coupling energy, m is the effective mass of electron, fo is the oscillator strength, N
is the number of oscillators, e is electron charge and y is the line width. As shown in Figure 2-10 (b), &x”
increases near the optical transition frequencies. The detailed spectral shapes of magnetooptical coefficients
in a realistic medium vary strongly depending on the kinds of transitions, from which many useful information

on the electronic energy levels can be extracted.
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(a)
Spin-orbit
I = couplin%_u____.....‘
| e) I,
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Figure 2-10: (a) Origin of magnetooptical effects due to spin-orbit coupling. (b) Diagonal component of the dielectric
permittivity caused by the shift of transition frequencies depending on the polarization of incident light.

In order to measure the Faraday rotation, experiment setup shown in Figure 2-11 is used in this study.
Here, the incident light is linearly polarized. The angle of half-wave plate (HWP) is originally set so that the
output polarization is directed towards 45 degree without magnetization and therefore, the difference of the
intensities of horizontal and vertical components is zero. When the sample is magnetized, on the other hand,
the light output from sample will be slightly rotated by & due to Faraday rotation, leading to the unbalance
of horizontal and vertical intensities. From this, the angle of Faraday rotation can be deduced.

A2 plate
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M \
z
Probe polarization Or

M>0 1 f l;» t I, =1y/2 (1-A8)
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Figure 2-11: Measurement of the angle of Faraday rotation by balance detection using half-wave plate and polarizing
beam splitter (PBS). The arrows indicate the polarization states of the probe light within the x-y plane.
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2.2.5 Detection of THz waves by electro-optic (EO) sampling

THz waves generated in the above-mentioned nonlinear optical processes can be detected by using again
the second-order nonlinear optical process. This time, we consider the case where the electric fields of optical
(Eo) and THz (EtHz) pulses are simultaneously incident on the crystal. The nonlinear polarization can be

expressed by:

Pi(z) (w) = & Z)(i(jz,z (w, 0,0)EP (w)EfH#(0) = & Z)(i(jz)(m)E]p (@) (eq. 2-21)
jk J

Here, )(i(jZ)(w) =Y )(i(jz,z(w, w, 0)ETH2(0) describes the THz-field induced susceptibility tensor. This

equation means that the optical birefringence can be induced in the crystal by the application of static electric
field. This phenomenon is called Pockels effect. Note that because the oscillation frequency of THz pulse is
much slower, it can be regarded as almost a static field bias for the optical pulse. This effect enables us to
measure the THz field waveform by detecting the value of transient birefringence. In a lossless medium it is
known that zix® (0,0,0) =ziik® (0,0,-0), thus the Pockels effect has the same nonlinear coefficient as optical
rectification.

Figure 2-12 schematically depicts the conventional experimental configuration used for the measurement of
THz fields using Pockels effect. This method is known as electro-optic (EO) sampling 1711129 In order to
satisfy the abovementioned phase-matching condition between optical and THz pulses, ZnTe (110) or GaP
(110) are often used for detection. (ZnTe exhibits a larger sensitivity to be used with the 800 nm optical
wavelength, but its detectable THz bandwidth is limited by absorption due to optical phonon in the higher
frequency region (approximately > 2 THz). GaP shows somewhat less sensitivity with 800 nm pulse but

exhibits a broader sensitivity, reaching up to ~ 7 THz.) Then, substituting

E E, ( 11> dE ETHz< 11> (eq. 2-22)
o= —7=\|~— and Erg, = —— | — '
V2\ ¢ V2 \ g

into equation 2-21, the resulting polarization can be represented as follows:

/ E 0,x E THzx \

EO,yETHz,y
P, 000100| Ey En, I
Py = 4‘50d14 0 0 0O 1 0 | “ “r | = —4£0d14E0ETHZeZ (J_ EO)
P, 00000 1 EO,yETHZ,Z+EO,zETHz,y|

\EO,Z ETHz,x + EO,x ETHz,z/

eg. 2-23
EO,x ETHz,y + EO,y ETHz,x ( q )

Here, dia = (1/2) y123?. As can be seen, the polarization generated by Pockels effect is proportional to the
THz electric field amplitude, and is polarized perpendicular to the original optical field, indicating that the

output optical field is elliptically polarized. Macroscopically, this can be interpreted as an appearance of
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birefringence towards 45 degrees from the original direction of polarization. Then, after the propagation along

the crystal thickness L, the phase difference between horizontal and vertical electric fields are represented as:
wL wL
Ap = (ny - nx) T = ngpt. lezlETHz . (eq. 2-24)
Using quarter wave plate (QWP) with its optical axis fixed horizontally, the optical field having such phase
difference is transformed into an almost circular, but slightly elliptical polarization after QWP. Difference of
the intensities of horizontal and vertical polarizations measured by using polarizing beam splitter (PBS) and

balanced photodetector is given by:

Io(l)L
Al =1, — I, = IpAp = ngptleMETHz < Erpyz (eq. 2-25)

which is proportional to the incident THz field strength. Therefore, with EO sampling method, we can
evaluate the absolute amplitude of THz electric field as long the values of nonlinear coefficients of the EO

crystals are known.
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Figure 2-12: Measurement of the THz electric field with EO sampling method. (b) Configuration of incident polarization
and the crystal axis.
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2.3 THz magnetic nearfields in split-ring resonator (SRR)

In this section the electromagnetic properties of the metallic SRR structure is overviewed, which is the key
device used to excite spin resonance in ErFeOs in this study. Also, some previous reports that focused on the

usage of SRR-nearfields are reviewed.

2.3.1 Electric excitation of magnetic resonance mode in SRR

As mentioned in the introduction, SRR is one of the most frequently used structures to realize metamaterial,
that is, artificial subwavelength structures that holds unnaturally large magnetic response for the
electromagnetic waves. Since its invention, various types of similar structures have been invented. Some
examples of the SRR structures are shown in Figure 2-13 [*8, In conventional materials, the electric
polarization is generated only from electric field (D = ¢ E) and magnetization change is induced only by
magnetic field of electromagnetic waves (B = ¢ H). However, in metamaterials the magnetic and electric
polarizations inside the structure are strongly coupled with each other. More general form of above equations
then becomes: D = ¢E + ¢ H and B = SE + 1 H, respectively. Such metamaterials are called “bianisotropic”
metamaterials.

In the case of SRR (a) in Figure 2-13, for example, if the incident THz electric field was applied parallel to
the gap of the ring, the incident field generates not only the electric polarization in the gap part but also the
oscillating magnetic field in the ring due to the circulating current. Conversely, if we apply the incident field
such that Hry; L ring, then the magnetic field induces the electric field in the gap part.

The strength of such interconversion between magnetic and electric components depends on the structure
designs and it becomes less pronounced for isotropic structures. In a more isotropic SRR shown in (b), for
example, if it was excited by the incident THz magnetic field penetrating the ring, then the direction of the
electric dipole moments induced in the gaps of the inner and outer rings are opposite. Therefore, as a whole it
exhibits smaller electric dipole moment. In a completely symmetric structure (c), the electric-dipole moments
induced in the circular current mode are completely cancelled and only the pure magnetic response can be
observed, i.e., = £=0.

Abovementioned fact that a strong magnetic field can be created by using the electric field component of the
incident light field in bianisotropic metamaterials makes it possible to regard them as a kind of transducer that
converts electric energy to the magnetic one in the nearfield region. Also, such electric-field induced magnetic
field can sometimes exceed the original magnetic field contained in the incident THz pulse by orders of
magnitude. In the following chapters 3 and 4, we use this feature to realize a strongly enhanced spin precession
in SRR structures.
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Figure 2-13: Examples of the SRR structures. (a) single-turn SRR (b) dual-SRR and (c) symmetric dual-SRR.

2.3.2 Usage of field enhancement effects in THz-SRR

As the circulating-current resonance mode of SRR can be viewed as an LC resonance, during the resonance,
there exist the moments wherein all of the electromagnetic energy is confined either in the capacitance (gap)
or inductance (ring). This leads to the appearance of strongly localized and enhanced electric field in the gap
or magnetic field near the corner of the ring. In terms of plasmonics, such positions are called “hot spot”. As
the energy is strongly confined in such regions, the resonance mode is highly sensitive to the change of
dielectric properties in these positions. Such feature is attractive for sensing applications ["X]. Also, the high
electric-field enhancement factor that can reach 10* ~ 102 in the hot spot provides useful platform for nonlinear
phenomena. Hwang, et. al.,1?®] reported that the enhanced electric field of intense THz waves in SRR can even
cause destructive phenomenon in a metal-insulator transition material, VO,.

In contrast to the successful application of electric-field enhancement in THz SRRs, the utilization of the
magnetic-field enhancement effect in SRR on the dynamical control of condensed matter system in the THz
region are quite limited. Moreover, due to the fact that the detection of magnetic field of electromagnetic
waves is much more difficult than electric field, there are only a few reports which directly visualized such
enhanced magnetic nearfield of the SRR. One of the few demonstrations was reported by Kumar et. al., [*21
in which they applied magnetooptical (MO) Faraday imaging to the SRR and directly visualized the THz
magnetic nearfield created by the SRR [Figure 2-14 (a)]. They used a paramagnetic substrate (TGG: terbium
gallium garnet) that exhibits high Verdet constant and ultrafast (ps) response time and fabricated the SRR
structures on its surface. When the SRR was irradiated by the THz electric field, the oscillating current-
induced magnetic field rotates the polarization of incident probe pulse. By raster-scanning the probe positions,
they measured the spatial profile of the magnetic nearfield [Figure 2-14 (b)]. The result was is in good
agreement with the result expected from electromagnetic calculation and suggested that the magnetic fields
are possibly enhanced by orders of magnitude compared to the incident THz magnetic field near the corner
of SRR.
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Figure 2-14: (a) Schematic of the magnetooptical (MO) imaging with TGG crystal [*2, (b) Spatial profile of the out-of-
plane magnetic nearfield H; around SRR structure measured by MO imaging (left) and calculated by electromagnetic

simulation with finite-difference-time-domain (FDTD) method. Figure reprinted with permission from [121], © 2012 OSA.

2.3.3 Coupling of SRR and THz spin resonance mediated by magnetic
nearfield

Although the THz-SRR magnetic nearfield has been utilized in only a few number of demonstrations at the
moment, it has the potential to greatly extend the scope of THz magnetic control of spin system. Firstly, the
conversion of incident THz electric field into the highly enhanced magnetic nearfield mentioned above
enables the intense magnetic field to be generated under the incident THz field with smaller amplitude, which
is a desirable feature for inducing strong magnetic-field perturbation on the spin system while avoiding the
THz electric field effects. Secondly, the strong localization of magnetic field energy around the SRR may
enable not only an efficient “excitation” of spin resonance but also a more sophisticated dynamics, mediated
by the interactive energy transfer between the SRR and the spin system.

Schneider et. al.,[??] reported that the coupling between magnetic-dipole resonance mode of SRR structure
and the THz electron spin resonance (ESR) of magnetic materials actually exists. They fabricated the array of
bianisotropic SRRs on a paramagnetic (gadolinium gallium garnet: GGG) substrate. A strong static magnetic
field was applied on the substrate in a direction parallel to the surface, in order to tune the spin resonance
frequency into the sub THz region. Through transmission measurement of such SRR array fabricated on
magnetically biased spin system using backward-wave oscillator (BWO) as the continuous-wave (CW) THz
source, they showed that the absorption peaks corresponding to the SRR and spin resonance of the substrate
exhibit anti-crossing behavior (Figure 2-15). They concluded that such behavior was caused by the coupling

between the spin and SRR resonances mediated by the magnetic nearfield.
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Figure 2-15: Anticrossing of SRR and spin resonance mediated by magnetic nearfield coupling observed in CW

millimeter-wave transmission measurements (1221 Figure reprinted with permission from [122], © 2009 AIP.

The coupling of electronic transitions with the external cavity modes has been extensively studied in the
optical frequency regions in relation to the study fields such as cavity quantum electrodynamics. In microwave
regions, coupling of magnetic substance with the metallic antenna structures has been utilized to realize
polarization-control devices. In the intermediate frequency region of THz, on the other hand, such coupling
phenomena are yet thoroughly studied. Especially, the direct measurement of the dynamics of spin system
under the strong influence of magnetic cavity (SRR resonance mode in this case) have not been performed.
To clarify this, in the subsequent chapter 3 we examine the behavior of such spin dynamics in the time-domain
using THz-TDS.
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As shown in Chapter 2, the SRR has the ability to create a strongly confined magnetic near-field in its vicinity.
By using such locally enhanced THz magnetic field, we can expect to greatly increase the amplitude of spin
precession. The scope of this chapter is (1) to demonstrate the excitation of spin precession by using the
enhanced magnetic nearfield of SRR and (2) to investigate the dynamical behavior of spin system in the time
domain using THz-TDS technique.

For this purpose, in this chapter we prepare the single crystal sample of ErFeOs, and fabricate the SRR
structures on it (section 3.1). We conduct the intense THz pump-optical Faraday probe experiment (section
3.2) to measure the dynamics of spin system under the influence of SRR, aiming at revealing the coupling

resonance behavior of the spin precession and SRR structure (sections 3.3 and 3.4).
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9 i (I

Figure 3-1: (a) Single crystal rod of the FZ-grown ErFeOs. (b) X-ray Laue pattern of the crystal, indicating c-plane. (c)
Cutting of the crystal rod in a c-plane-normal direction. (d) Photograph of the resulted sample mounted on a phosphor-
bronze cryostat holder.

3.1 Sample fabrication

The samples used in the study are the ErFeQOs single crystals and the SRR structures. In this section, their

fabrication procedures are summarized.

3.1.1 Fabrication of single-crystal ErFeOz (001) plate with Floating-Zone
method

The sample used for the experiment is the (001)-plane cut crystal of ErFeOs, grown by Floating-zone (FZ)
method 1231, In FZ, intense light of halogen lamps are focused by ellipsoidal mirrors on the compressed rods
of row material powders and melt them. The melting zone is held between the seed and feed rods during the
growth by surface tension of liquid phase. By scanning the rods downwards the melting zone moves upward,
leaving a single crystal behind. Here, four halogen lamps with 500W output power, the growth rate of 4 mm/h,
03 gas flow rate of ~1 L/h were used. As the row powders, the ErFeOs purchased from Furuuchi Chemical
Corporation were used. In order to adjust the stoichiometry (molar ratio) of Er and Fe in the crystal, small
amount of Fe3O4 powder were added into the ErFeO3z powder. The powder was compressed in a rod form with
water pressure of approximately 400 kgf/cm?, sintered in a muffle furnace at ~1100 degrees Celsius for 10 to
12 hours and then sintered again in the FZ furnace below the melting temperature before the growth. The FZ
growth procedure was conducted in the Materials Synthesis Section in the ISSP, University of Tokyo.

The obtained single crystal rod of ErFeOs after growth is shown in Figure 3-1 (). Its orientation direction
was measured by using X-ray Laue diffraction [Figure 3-1 (b)], then cut perpendicular to the c(001)-axis of
the crystal [Figure 3-1 (c)]. It was then mechanically polished to a thickness of approximately 130 um, which
was thin enough for the 800 nm wavelength to transmit. The sample was mounted on a copper plate, which

was then set on a cryostat (Oxford Microstat) during the measurement [Figure 3-1 (d)].

28



3.1 Sample fabrication

3.1.2 Optical characterization of ErFeO3z sample

As characterization, we measured the optical absorption of the fabricated ErFeO3; (001) sample. Here, a
UV-VIS-IR spectrophotometer VV-570 of JASCO corporation was used in the transmission measurement mode.
Figure 3-2 (a) shows the obtained spectra in the wavelength region from 500 nm ~ 2000 nm. The absorption
in the visible region is dominated by the strong charge transfer transition from legand (O%) to the Fe3* ion
(short wavelength region [A < 600 nm]) and d-d transition peaks within the Fe3* ion (peaks centered at ~700
nm and ~1000 nm). In the IR region of around 1550 nm, we can see a smaller peak that can be ascribed to the
f-f transition in Er3* ion. These spectral features agree well with the previously reported spectra of ErFeOs;
single crystal [Figure 3-2 (b)] €1, The probe wavelength of 800 nm coincides the dip of the two d-d transitions,
which allows us to conduct the magnetooptical measurement in the transmission regime, i.e., Faraday rotation
to probe the spin dynamics.

Furthermore, we also conducted the microscopic Faraday imaging of the sample in order to visualize the
magnetic domain structure, as shown in Figure 3-3. Here we measured the Faraday image using the
experimental setup described later (Figure 3-8). The linearly polarized (Eprone//a-axis), collimated optical pulse
with 800 nm wavelength incident on the sample was transferred through the objective lens onto the charge-
coupled device (CCD) camera. Just before the CCD, a polarizer was placed, making an angle of 90 degree
from the original direction of polarization. Note that the Faraday rotation is sensitive to the out-of-plane
component of magnetization, so the perpendicular-magnetization domains can be visualized in this
configuration.

Figure 3-3 shows the microscopic images of the domain structure measured at various temperature. In the
high temperature (HT) region T > Ty (120, 110 and 100 K), a maze structure composed of black and white

regions of several 100 um scale can be observed. The white and black regions correspond to the magnetization
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Figure 3-2: (a) Absorption spectra of the FZ-grown ErFeQs (001) sample measured at room temperature. (b) Spectra

for the same condition reported in previous study [116]. Figure reprinted with permission from [116], © 1970 AIP.[122]
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M pointing upward and downward, respectively. As the temperature is lowered, the average domain size
continuously decreases. Within the SRPT temperature region Ty > T > Ty, the domain structure exhibits more
complex pattern, changing its shape strongly with temperature. At the same time, the contrast of black and
white area also continuously decreases. In the low temperature (LT) region T < Ty, the domain structure
almost completely disappears. This means that the out-of-plane magnetization has disappeared in the LT
region, which indicates that the magnetization easy-axis has rotated from out-of-plane at HT region to in-
plane at LT, i.e., spin reorientation. Also, the threshold temperatures of SRPT region Ty = 96 Kand T, =
85 K well agree the previously reported values for ErFeOs (Tw = 96 K and T = 85 K) (111 [112],

It is known that the SRPT temperature is influenced strongly by the stoichiometry and dopants in the sample,
which tend to lower the transition temperatures. The abovementioned agreement of Tw,. then suggests that
the fabricated sample is constituted of a pure ErFeQOs single crystal with relatively few impurities. In the
following experiments, the sample temperature is set at LT region, and the transient out-of-plane

magnetization component during spin precession are detected by Faraday probe.

Figure 3-3: Microscopic Faraday images measured around the SRPT temperature region. The concentric patterns in some
images (see, e.g., 60 K) are the interference fringes due to misalignment of the focus system. The SRR arrays are visible
on the right side of the image. Here, in order to eliminate the effect of non-uniform illumination caused by interference
fringes, we subtracted the image of 60 K from each image. Contrast and brightness of the photos are also increased for
visibility.
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3.1.3 Fabrication of SRR structures

The SRR structures were fabricated on the surface of ErFeOs using electron-beam (EB) lithography. The
procedure is as follows: First, the resist was spin-coated on the substrate. It was then brought into the scanning
electron microscope (SEM) chamber and the resist was irradiated by focused electron beam scanned in the
shape of SRR. This makes the irradiated part solvable to the developer solution. The sample was then brought
out of the SEM chamber and immersed in developer, which revealed the substrate surface formed in the shape
of SRR. Next, it was set in evaporator and metallic thin films (Ni:Cr alloy of 5 nm thickness as buffer layer
and the Al of approximately 200 nm thickness) were deposited. Lastly, the remaining part of the resist was
removed by acetone, leaving the Al formed in the shape of SRR on the substrate. The fabrication process was
conducted in collaboration with Quantum optics-Quantum transport group (Prof. Oto’s group) in Chiba
University.

Multiple SRR structures with different sizes (40 um ~ 150 um) were fabricated simultaneously on the same
substrate in an attempt to tune resonance frequencies. Each elements were separated from each other by 1~2
times their lateral dimensions, in order to avoid the cross-coupling between them. Figure 3-4 (a) shows the
SRR structures fabricated on ErFeOsz substrate. The SRR structure was fabricated on the substrate such that
the gap of the structure is parallel to the b-axis of the ErFeOs crystal. During the measurement it was
recognized that although each elements look similar under the optical microscope observation, unidentified
factors such as a tiny scratch in the stripe of SRR, remnant of the photoresist or unremoved metal, etc. strongly
influenced the response of individual SRR structures. Also, due to the non-uniformity of the ErFeQOj3 substrate,
the response of spin dynamics showed slight variation depending on the position in the sample. Therefore, in
the following experiment the SRR which showed the largest amplitude of spin dynamics was selected. As the
main element, we used the one shown in Figure 3-4 (b) which has the lateral dimension of 60 pm x 60 um,
line width of 10 um and gap width of 10 um, respectively.

The resonance frequencies of the SRR structures were numerically simulated using commercially available
finite-difference time-domain (FDTD [?4)) software (FUlWAVE®). It is one of the standard methods for
numerically calculating the time- and spatial evolution of the electromagnetic field and is frequently used for
simulation of light field in the subwavelength region. As its name indicates, in FDTD, the Maxwell equations
in the form of differential equations are solved step by step in the time domain. At each time step, the spatial
distribution of electric and magnetic field vectors are calculated at every positions in the calculated region.
The geometry used in the calculation is shown in Figure 3-5. The out-of-plane magnetic field H, was
monitored at the center of the SRR, 10 um below the surface of the ErFeOs substrate. The impulsive THz
wave was incident from out of the substrate with its polarization aligned such that Erw;, // gap-baring side of
SRR. The resonance curves obtained from the Fourier transformation of the calculated waveforms are shown
in Figure 3-6 (a). As can be seen in (b), the SRR resonance frequency scales approximately inverse-
proportionally to its lateral length L. The resonance frequency for the main structure used in the experiment
(L =60 um) is calculated to be ~0.22 THz.
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Figure 3-4: (a) Array of SRR structures fabricated by electron-beam lithography. (b) Main SRR used in this chapter

(a) (b)

X

Figure 3-5: (a) Calculation geometry of SRR resonance frequencies by FDTD method, viewed from (a) z- and (b) obliquely
upward direction. Here, the width (w) and gap (g) of the SRR was w = g = 10 um to resemble the structure of Figure 3-4 (b).
The red and yellow regions indicate the ErFeOs substrate (infinite thickness, dielectric permittivity exx = 26, eyy = 23.3, ez =
26.2) and Aluminum (300 nm thickness). Orange and green elements are the THz source and monitor regions. Here,
nonuniform grid was used to properly cover the thin metallic layer region with more than 5 meshes. Perfect matching layer
(PML) boundary condition was used to avoid reflection from the calculation boundary. The incident THz source is polarized
such that Etnz /'y // gap-baring side of SRR, as indicated in (b)
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Figure 3-6: (a) Calculated resonance enhancement curves of the SRRs with different sizes L. (b) L-dependence of the
resonance frequency.
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3.2 Experiment configuration and measurement setup

In order to excite the spin precession dynamics effectively, we have to match the resonance frequency of
SRR and that of the spin system. To do this, we focus on the temperature-dependence of the FM-mode. As
mentioned in Chapter 2, the ErFeOs exhibits two magnetic resonance modes, the quasiferromagnetic (FM)
and the quasiantiferromagnetic (AF) mode [Figure 2-5]. The FM-mode can be interpreted as the precession
of macroscopic magnetization around its easy axis. Because the frequency of FM-mode depends strongly on
temperature, we can control the coupling strength between SRR and FM-mode by tuning its frequency around
the SRR by changing the temperature.

The schematic of experimental configuration is shown in Figure 3-7. The experiment was conducted with
two mutually orthogonal incident THz polarizations. In the first experiment [Figure 3-7 (a)], the electric and
magnetic fields of the THz radiation were parallel to the b- and a- axes of the crystal, respectively (SRR-
excitation polarization). The incidence of the THz pulse with electric field polarized parallel to the gap of the
SRR induces a circulating current in SRR. In this polarization, the magnetic field component of the incident
THz pulse does not directly excite the spin precession. The circulating current in the SRR produces an
enhanced magnetic near-field polarized along the c-axis, which causes the ErFeOs spins to precess around the
a-axis. Because of the precession, a magnetization component parallel to the c-axis appears, which can be
detected via optical Faraday rotation of the visible probe. If the temperature was tuned so that the frequency
of FM-mode spin precession was matched with that of SRR resonance, then the Faraday signal that
corresponds to the spin precession should be enhanced at a particular temperature. In this way, we can expect

to realize the excitation of spin system using magnetic nearfields of SRR.

(@)

c(z)
b(y)

a(x) ErFe0, (001) ErFe0; (001)

HSRR HTH/

Figure 3-7: Schematic of the experimental configuration used in the experiment. (a) The SRR-excitation polarization
configuration, wherein the incident THz electric field excites the SRR which then causes spin precession mediated by its
magnetic nearfield. (b) The spin-excitation polarization configuration, wherein the incident THz magnetic field directly
initiates the spin precession without exciting the SRR resonance.
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In the second experiment, the polarization of the incident THz pulse was rotated by 90° [Figure 3-7 (b); spin-
excitation polarization]. Under these conditions, the electric-field component of the THz pulse does not excite
the circular-current mode of SRR, but the magnetic component directly excites spin precession. By comparing
the spin dynamics obtained in the two configurations, we can extract the information on how the spin and
SRR resonances influence each another, as will be discussed later.

The measurement was conducted with intense THz pump-optical Faraday probe setup as shown in Figure3-
8. The THz pulse was generated by using the tilted-wave-front optical rectification technique in the LiNbO3
nonlinear optical crystal as mentioned in Chapter 2. The LiNbO3z was pumped by a Ti:sapphire regenerative
amplifier with an energy of approximately ~3mJ/pulse, repetition rate at 1 kHz, pulse width of ~100 fs, and
central wavelength of 800 nm. The generated THz pulse had a half-cycle waveform, peak electric- and
magnetic-field amplitudes of 240 kV/cm and ~0.07 Tesla, respectively, and central frequency of ~0.5 THz
(Figure 3-9). The THz waveform was measured in advance by using EO-sampling (Figure 2-12) with GaP
(110) crystal. The spin precession in ErFeO3z sample was measured in the time domain by Faraday rotation of
the 800 nm probe pulse transmitted through the sample, as explained earlier. The diameters of the THz and
probe spots were approximately 1 mm and ~30 pm, respectively. The position of the probe spot on the sample

surface was monitored using a charge-coupled device (CCD) camera in a microscope measurement system.
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Figure 3-8: Schematic of the experimental setup used for intense THz pump-optical Faraday probe measurement. The probe
pulse can be chosen to be either focused on the sample surface for measurement of waveform (by inserting the focusing
lens) or collimated to achieve microscopic observation of the magnetic domain structure (Figure 3-3) and positioning of the
probe spot (inset) by removing the focusing lens.
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Figure 3-9: Temporal waveform of the intense THz electric field measured inside the cryostat by using the EO sampling
with GaP (110) single crystal.
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Figure 3-10: Spin precession measured by Faraday rotation in the bare substrate (without SRR) showing oscillation
in the FM-mode frequency of ErFeOs. (a) Waveform shown in (b) expanded in the time range -6 ps to 180 ps, and
(b) overview from -6 ps to 1200 ps.
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3.3 Result 1: Resonant enhancement of FM mode precession

3.3.1 Original spin precession dynamics of FM-mode without SRR

As the first step, we measured the original spin precession dynamics of the FM-mode in the bare substrate
(without SRR structure) in the spin-excitation polarization configuration. Figure 3-10 (a) shows the temporal
waveforms measured at some typical temperatures 40 K, 60 K and 70 K. At each temperature, the oscillation
of Faraday rotation signal can be clearly seen after excited by the impulsive magnetic field of the incident
THz pulse at t = 0 ps. It is also seen that this oscillation frequency lowers as the temperature raises. The peak
frequency of its Fourier transform is plotted as a function of temperature in Figure 3-11. The temperature-
dependence agrees with that of the FM-mode precession previously reported 102 311 which indicates that the
observed signal actually corresponds to the THz magnetic-field induced spin precession.

In Figure 3-10 (a), it can be noticed that the envelope of the FM-mode oscillation does not exhibit single
exponential decay as expected from simple LLG equation but exhibits amplitude modulation (beating
structure) with the period of several tens of picoseconds. Such feature is always visible in the FM-mode signal
of ErFeOs in the low-temperature phase, and becomes especially clear in the lower temperatures where the
lifetime of precession is much longer. As an example, the waveform at 40 K [Figure 3-10 (b)] exhibits a quite
long lifetime that reaches over 1 ns and a clear sinusoidal envelope with ~200 ps. The origin of such
modulation of the envelope function of FM-mode is unclear. As possible explanation, the emergence of some
kind of standing spin waves caused by magnetostatic interaction (Walker-mode)*?3], or the effect of hidden
canting present in the spin sublattice is proposed (126111271,

In the following, however, we conduct the measurement at the temperature region mainly above 60 K
(especially near 70 K) and before 300 ps after THz excitation, wherein the beating structures are not so
pronounced. In this region, most of the basic features can be well understood under the assumption that spin
dynamics follows ususal single exponential-decay feature and therefore, we will not step further into the

details of this beating feature.
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3.3.2 Temperature-tuning of FM-mode frequency around SRR
resonance

Figure 3-12 (a) and (b) show the temporal waveforms and Fourier spectra of the Faraday signal, respectively,
obtained in the first experiment with SRR-excitation polarization. Here, the resonance frequency of spin
precession was swept from around 0.20 to 0.29 THz by changing the temperature from 75 to 59 K. The THz
pulse is incident on the sample at t = 0 ps. As can be seen, the spin precession waveform significantly changed
with temperature. The most drastic change is seen in the amplitude. Clearly, the amplitude of spin precession
significantly increased in the temperature region of around 68 K to 69 K. The corresponding Fourier spectrum
[Figure 3-12 (b)] revealed that the amplitude has a maximum around this temperature region. At the
temperatures out of this region, we observed a smaller signal amplitude and beating of the spin oscillation in
the earlier periods (0 to around 50 ps) of the time evolution waveform in (a). For example, the waveforms
measured at 61 K and 75 K are expanded in Figure 3-13 (a). Clearly, both waveforms exhibit a beating in the
early time. For example, that of 61 K shows a sinusoidal envelope with approximately 20 ps period. Its Fourier
spectrum shown in Figure 3-13 (b) reveals that in addition to the main peak of the spin precession (~0.285
THz), there is a weak peak at ~0.242 THz. Such small peak also appears in the other waveforms at the same
frequency, independent of temperature. This indicates that it is of different origin from the beating structure
present in the bare substrate mentioned in the previous section. The frequency of this fixed peak is close to
the resonance frequency of the circulating-current mode of SRR estimated in advance from the numerical
calculation (FDTD). Therefore, we can ascribe this peak to be the SRR resonance frequency. The beating
period of approximately 20 ps (~40 GHz) observed for the 61 K-waveform agree well with the detuning, or
the frequency difference between the FM-mode spin precession peak (~0.285 THz) and SRR peak (fo ~ 0.242
TH2).

As shown in Figure 3-12 (a) and (b), at around 68 K where the enhancement of signals were observed, the
frequency of the FM-mode crosses that of SRR resonance. This indicates clearly that the observed signal
enhancement was caused by resonant excitation by a quasi-CW magnetic nearfield induced by the SRR
resonance. The peak amplitude of the Fourier spectra in Figure 3-12 (b) are plotted as a function of detuning
of the spin precession from the SRR peak in Figure 3-15 (a). The full width of half maximum (FWHM) of the
enhancement curve is approximately Af ~ 25 GHz. From this, the quality-factor of the resonance enhancement
is estimated to be Q = (fo/Af) ~ 9.7.

On the other hand, as shown in Figure 3-14, the spin precession amplitude excited directly by the magnetic
field of incident THz pulse at a position without SRR structure was nearly an order of magnitude (x1/8 times)
smaller than the maximum spectral peak amplitude obtained at 69 K in the abovementioned resonant-
excitation case. This clearly indicates that the SRR magnetic nearfields actually has the ability to enhance the

spin precession amplitude through resonant excitation.
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Figure 3-12: (a) The transient Faraday waveforms measured at various temperatures in the SRR-excitation polarization (b)
Fourier spectra of (a). The time window of [-17 ps, 133 ps] was used for transformation. The dotted line and curve indicate
the resonance peaks corresponding, respectively, to the SRR and the FM-mode.
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3.3.3 Coupled LLG-LCR resonance model

In order to understand the dynamical behavior of observed spin precession in more detail, we constructed a
model based on Landau-Lifshitz-Gilbert (LLG) equation to describe the spin dynamics [equation (3.2)],
magnetically coupled to an LCR circuit, which expresses the SRR [equation (3.1)].

(di(@® _di(t) 1 dEQ) (eq. 3.1)
{ L= t Ry Tei®O=—

dMl 0( dMl

- _ - eg. 3.2

dt yMlXHeff'l+|M1|M1X dt ( q )

dM,, (t
E(t) = Erpzy (t) + m1#() (eqg.3.3)
Hopp1(t) = HoX + Hry, ()Y + 5,Li(6)2 (eq. 3.4)

Schematic illustration of the model is shown in Figure 3-16. The current i(t) is driven by an external force
E(t) that consists of an incident THz electric-field pulse Et,y(t) and also the electromotive force m:-dMz,(t)/dt
caused by the oscillation of the magnetic moment inside the SRR [equation (3.3)]. On the other hand, the

magnetic moment M(t) is driven by a magnetic field generated by the current i(t) in the LCR circuit [equation

(3.4)].

40



3.3 Result 1: Resonant enhancement of FM mode precession

Spin resonance SRR resonance

LLG equation Excitation (s) LCR equation
M,

a— -
/ H, (internal field) Heﬁ(t)@ l ( )

—determines f; Eddy current (7‘7’!)

Figure 3-16: Schematic of the bidirectional coupling between spin- (LLG equation) and SRR-resonances (LCR equation)
mediated by magnetic nearfield.

Here, the y- component of the incident magnetic field of the THz pulse H(t) is zero. The parameter Ho
expresses the static internal magnetic field (exchange and anisotropy field) of the ErFeOs crystal and
determines the resonance frequency of spin precession. The parameters s; and m; determine the strength of
the coupling of the field to the oscillator. The coordinates of x, y, and z correspond to the a-, b-, and c-axes of
the crystal, respectively. The resistance R was estimated from the conductivity of aluminum (1281 129 \while
inductance L and capacitance C were determined from the resonance frequency of SRR and the Q-factor of
the enhancement curve obtained in Figure 3-15 (a) using the following relation that is known to stand for the
LCR circuit:

1 Cwo 1L
wo_\/[‘(;' Q_Aw_R C

Figure 3-17 (a) shows the time evolution of the x-component of the magnetization M1 (t) calculated for
various Hp using the presented model. The result shows a good agreement with waveforms obtained in the
experiment, which indicates that the observed dynamics is well represented by the proposed framework of
coupled LLG-LCR model. The parameters used here were determined to reproduce the waveforms observed
experimentally in Figure 3-12 (a). Here, the parameter Ho was varied to tune the frequency of spin precession
around the SRR resonance (Ho=6.9 X 10® A/m at resonance). The corresponding Fourier spectra are shown
in Figure 3-17 (b). The calculated amplitude of the spin precession is shown as a function of detuning
frequency in Figure 3-15 (a) (black solid curve). The increase of spin precession amplitude near the SRR

resonance frequency is clearly reproduced.
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Figure 3-17: (a) Time evolution of the out-of-plane component M; calculated from the coupled LLG-LCR model and (b)
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3.4 Result 2: Interactive energy transfer between SRR and spin

In the numerical model of coupled LLG-LCR equation proposed in the previous section, we introduced the

dM;, (1)
dt

term m, which describes the electromotive force induced in the SRR by oscillating magnetic moment.

If we neglect this term (m = 0), there will be only one-way energy transfer, that is, from the SRR to the spin
precession due to excitation by magnetic nearfield Hsgrr. In contrast, if we assume m # 0 then the introduction
of such term describes the energy transfer in the backward direction, that is, the energy stored in the spin
system flowing back into the SRR system through electromotive force. In this section we examine this
assumption in more detail by investigating the spin dynamics at the temperature where the SRR- and spin-
resonance frequencies are matched with each other, and the coupling effects between two oscillators are
expected to be strongest.

For this purpose, we compared the waveform measured in the previous section for SRR-excitation
polarization with that obtained for the spin-excitation configuration [Figure 3-7 (b)]. As mentioned earlier,
with this polarization the magnetic field of the incident THz pulse directly excites the spin precession without
exciting the SRR. Here, we set the frequency of the spin resonance near that of the SRR by tuning the
temperature at 69 K.

The result is shown as the green curve in Figure 3-18. For comparison, the waveform measured in the
previous section with the SRR-excitation polarization (red curve) and the response of the bare substrate
(without SRR, blue curve) measured with spin-excitation polarization at the same temperature are also plotted.
Interestingly, clear difference can be observed in the lifetimes of the waveforms. While the waveforms with
spin-excitation polarization measured inside and outside of the SRR structure exhibit oscillations that last for
over 250 ps, the SRR-excited precession decays within ~160 ps. This indicates that the lifetime of spin
precession is shortened when SRR structure was nearby, compared to the free-oscillation case in the bare
substrate.

Another feature seen in the SRR-excitation waveform is that in the early time of oscillation, the amplitude
of the waveform gradually increases from zero after excitation by incident THz pulse (t = 0 ps) with a finite
time constant of approximately 40 ps and then continuously decreases with an ever longer time constant of
~160 ps. In the original waveform measured in the position without SRR structure (bare-substrate) with spin-

excitation polarization, such feature is not apparent.
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Figure 3-18: The transient Faraday waveforms measured at 69 K with spin-excitation polarization outside of the SRR (blue),

with spin-excitation polarization inside the SRR (green) and with SRR-excitation polarization inside the SRR (red). Black
dotted curves are the guide to the eyes.

In order to understand the abovementioned lifetime-shortening in the presence of SRR in detail, we
performed a numerical calculation again using the coupled LLG-LCR model (Figure 3-19). Here, the spin-
damping parameter « was chosen to reproduce the original lifetime of spin precession measured at the bare
substrate without the SRR (the blue trace of Figure 3-18). First, we calculated the spin precession in the SRR-
excitation configuration without including the electromotive force term, i.e., m = 0, as shown in the black
trace in Figure 3-19. Simultaneously calculated waveform of the current in the SRR structure is also indicated
as the blue dotted curve.

When the THz electric field is incident on the SRR, it induces an oscillating current which decays at a time
constant of ~60 ps that is determined by the Joule energy loss (R) of the LCR circuit. During the presence of
such resonant current-oscillation, the spin precession amplitude M; continuously increases. After the current
oscillation has ceased completely, the spin precession amplitude is maintained at almost a constant value, then
slowly decreases with a much longer decay time that corresponds to the lifetime of original spin precession
without the SRR (red trace). This shows that the observed lifetime-shortening of spin precession at SRR-
excitation polarization cannot be reproduced if m = 0.
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Figure 3-19: Results of the LLG-LCR model calculation assuming the coupling term m = 0.
Incident THz waveform for simulation (Blue solid), time evolution of M; calculated without SRR and with spin-excitation
polarization (Red), M excited by SRR with SRR-excitation polarization (Black), and electric current in SRR (Blue dashed).

Next, we performed the same simulation including this term, i.e., m # 0, while keeping other parameters
fixed. The calculation results for the SRR-excitation and spin-excitation polarizations are shown in Figures 3-
20 (a) and (b), respectively. First we focus on the waveform in SRR-excitation polarization (a). In contrast to
the previous case, the spin precession waveform (black) exhibits a lifetime that is much shortened compared
to the previous case of m = 0 (yellow). Also, another interesting feature can be seen in the temporal evolution
of the current profile. After the incidence of THz pulse the current oscillation is induced in SRR and it
decreases exponentially, similar to the previous case. However, the rate of this exponential decrease is slightly
faster. Furthermore, a striking difference can be seen after the amplitude has reached its minimum at t ~ 50
ps. After this time, the amplitude of current oscillation starts to grow again. It reaches a maximum at t ~100
ps and then continuously decreases with a time constant that does not coincide with the decay rate of original
spin precession (red curve in Figure 3-19). Interestingly, the decay rate of SRR current and that of spin
precession in this time region is quite similar.

The calculated features mentioned here can be summarized as follows: After the excitation of SRR by THz
field, the electromagnetic energy is first given from the THz pulse to the SRR current. It is then passed to the
spin precession due to resonant excitation with a time constant of ~50 ps. When all energy was passed to the
spin precession, it then starts to flow back into the SRR again though the electromotive force induced by the

oscillation of magnetic moments.
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Figure 3-20: Calculation results of the LLG-LCR model assuming the coupling term m # 0 (m = 6x10% [m1]). In the SRR-
excitation polarization (a), the energy once given from the SRR to the spin precession eventually flows back into the SRR.
Due to this bidirectional energy transfer, the waveform calculated with m # 0 exhibits shorter lifetime compared to the case
of m = 0. In the spin-excitation polarization (b), the same mechanism shortens the lifetime when m # 0.

Afterward the energy is consumed by the Joule energy loss in the SRR structure. The decay rate at this time
is determined by the coupling strength m and the Joule damping parameter R. Thus, the shortening of lifetime
observed in Figure 3-18 for the SRR-excitation polarization was successfully reproduced by taking into

account the coupling (electromotive force) term m.
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Next we focus on the dynamics for the spin-excitation polarization shown in Figure 3-20 (b). In this case,
the magnetic field component of the THz pulse impulsively excites the spin precession at t = 0 ps. Because of
this, the amplitude of spin precession is abruptly increased to a finite value and then starts to decrease. The
decay rate is again shortened compared to the original spin precession. By looking at the time evolution of
SRR-current, it is clearly recognized that this shortening is caused by the backward energy transfer from the
spin precession to the SRR structure. The oscillation of current in SRR starts from zero-amplitude and
continuously grows due of the excitation by electromotive force induced by spin precession until it reaches a
maximum at t ~50 ps, which then gradually decreases with the time constant similar to the spin precession.

Within this model, it is natural that the lifetime of spin precession in the spin-excitation polarization
configuration is shortened by the presence of SRR structure because of the coupling and Joule energy loss
associated with it, in a similar manner with the previous configuration. However, in the experimental
waveform of Figure 3-18, such shortening cannot be observed for this polarization. Rather, it exhibits a
lifetime that is closer to the original lifetime of spin precession measured at the bare substrate. This suggests
the possibility that there exist two kinds of spins which have different strengths of coupling with the SRR. If
there was another spin which only weakly interacts with the SRR, then it is natural that its lifetime
corresponding to the abovementioned energy transfer process from the spin to SRR system is less influenced
by the SRR, giving rise to longer spin precession lifetime.

Based on this idea, we extended our coupled LLG-LCR model to include the second spin that has a weaker

coupling constant with the first one. The new sets of equation then becomes:

(i) LONRILO eq. (3.5)
|~ dt? at ¢ dt
M, _ a dM, eq. (3.6)
{ dt __YM1XHeff’1+|M1|M1X dt
M, a aM,
l — = VMo X Hppp + A My x —= eq. (3.7)
dM,, (t) dM,, (t)
E(t) = Erpzy (8) +my— ==+ my——— eq. (3.8)
Heofpo(t) = HoX + Hryy, ()Y + 5,Li(t)2 eg. (3.10)

Here, eq.(3.7) is the added LLG equation describing the motion of the second spin. Coupling parameters s;
and m2 were set at 1/10 of the original parameters s; and m. The lengths of the first and second spins were

assumed to be the same, i.e., [M1| = [Mg|. Other parameters were the same as in the previous calculations.
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Figure 3-21: Calculation results of the extended LLG-LCR model assuming 2 spins and m # 0. In the SRR-excitation
polarization (a), the dynamics of the total magnetization is dominated by the strongly-coupled spin Ma. In contrast, in the
spin-excitation polarization (b), the lifetime is dominated by the weakly-coupled spin.
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The results calculated using the coupled 2-spin and LLG model for the SRR-excitation and spin-excitation
polarizations are shown in Figure 3-21 (a) and (b), respectively. In the SRR-excitation polarization (a),
because of the smaller coupling constant of the second spin, its amplitude of precession is much smaller than
that of the first spin. The dynamics of the total magnetization M1, + My, is therefore dominated by the first
spin, which is strongly coupled with the SRR.

However, in the spin-excitation polarization (b), the dynamics of total magnetization is quite different from
the previous case and the oscillation lifetime is closer to the original spin precession in the bare substrate. In
this case, the elongated lifetime compared to the aforementioned result of 1-spin model is ascribed to the
dynamics of the newly introduced second spin (yellow curve in (b)). In this polarization, the incident THz
pulse instantaneously excites the first and the second spin with an equal strength. Therefore, they exhibit
similar amplitude at the first stage of oscillation around t = 0. However, while the oscillation amplitude of the
first spin with stronger coupling with SRR decreases due to the energy transfer to the SRR, that of the second
spin is almost unaffected by such effect. Due to the weaker coupling constant, the energy once given to the
second spin by the incident THz magnetic pulse is stored in it for a long time without being consumed by the
Joule energy loss in the SRR system. Thus the second spin dominates the lifetime in the longer time region
for this polarization configuration.

We can explain the existence of such strongly- and weakly-coupled spins by considering the spatial
distribution of the magnetic nearfield around the SRR structure along the direction of sample thickness. The
magnetic field created by the SRR structure is localized in its close proximity whose specific spatial dimension
is determined mainly by the size of the ring and the width of the SRR stripe. As mentioned previously in the
experiment setup section, in this experiment the SRR with the size of 60 um x 60 um, gap of 10 um and stripe
width of 10 um was used. In such structure, the magnetic field is expected to extend in the region of around
20 um ~ 30 um from the SRR fabricated on the surface of ErFeOs; crystal. Because the thickness of the crystal
was 130 um, there exist a vast region below the SRR where its magnetic nearfield is not influential. In such

region, the coupling of the magnetic nearfield with the spin system is expected to be weaker than at the surface.

Finally, it is worth mentioning that the abovementioned energy transfer from the electromagnetic radiations
from excited states of the electronic systems of matter to the external cavity-mode in the nearfield region has
close resemblance to the effect well known as Purcell effect 13011131 wherein a fluorescent particle placed in
the vicinity of a metallic mirror or an optical cavity exhibits a much shortened lifetime of luminescence
compared to the free-space environment, due to the increase of the radiative decay rate of the excited state by
the evanescent coupling to the external cavity mode or surface plasmon mode of the metal surface. We can
view our case of spin-precession under SRR as a similar phenomenon, in which the energy transfer from the
spin to the SRR was mediated by the evanescent THz magnetic nearfield, and caused the loss of excited-state
energy of the spin system.
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3.5 Chapter Summary

In conclusion, in this chapter we studied the spin-precession dynamics in orthoferrite ErFeOs magnetically
coupled to the resonance mode of SRR using a THz pump-optical probe setup. We observed a spin precession
amplitude that is enhanced by nearly an order of magnitude at maximum in the resonance excitation
temperature region. Through polarization measurement and numerical calculation using a coupled LLG-LCR
equation, it was suggested that bidirectional energy flow between spin precession and SRR resonance
mediated by the magnetic nearfield is essential in understanding the dynamical behavior of the spin precession.
Such coupling behavior with the SRR cavity observed in the spin precession dynamics has not been reported
in the past, and suggests the potential applicability of the electromagnetic resonances in metamaterial structure

to realize sophisticated control of magnetic excitations of electronic system in the THz region.
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As mentioned in the Introduction chapter, although the THz magnetic field has been successfully applied to
probe the dynamics of various spin systems, control of magnetic order in a macroscopic level remains a
challenge, while the ultrafast all-optical techniques have been shown to be effective in inducing a drastic
change of magnetic order. On the other hand, the enhanced magnetic nearfield in the SRR structure has the
ability to effectively drive the spin precession dynamics through resonant coupling, as seen in the previous
chapter 3.
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4.1 Background: controlling the path of phase transition by the coherent spin precession

In this chapter, we combine the method of spin precession enhancement by SRR realized in previous chapter
with the optical excitation of spin systems with ultrafast laser in an attempt to realize a much more drastic
change in the state of macroscopic magnetization using THz magnetic field. We focus on the spin-
reorientation phase transition which occurs in ErFeOs. Because the spin system is generally quite unstable
near the phase transition temperature, it is expected that the weak fluctuation of magnetization caused by THz
magnetic field in the initial state of ultrafast magnetic phase transition leads to a gigantic change in the final
state. As we show in the following, with such a concept we succeeded in generating a macroscopically aligned
magnetization state by coherently selecting the path of phase transition process through spin precession
dynamics. To the best of the author’s knowledge, such macroscopic control of the magnetic order of spin

system has never been achieved by using THz magnetic fields.

4.1 Background: controlling the path of phase transition by the coherent
spin precession

Before describing the principle of our experiment, we will first start by briefly reviewing the previous
research which focused on the optical control of SRPT process. As mentioned in Chapter 2, the magnetic
structure of the orthoferrite is determined by a subtle balance between magnetic anisotropy fields of each
crystallographic (a-, b- and c-) axes. Due to the difference in the temperature-dependence of anisotropy fields
in each directions, many orthoferrites exhibit the rotation of the easy-axis of antiferromagnetic order at a
particular temperature. This phenomenon is known as spin-reorientation phase transition (SRPT).

It is known that the SRPT can be driven by change of the ambient parameters such as temperature, magnetic
fields or electric fields. Also, the ultrafast heating caused by irradiation of femtosecond laser transient can
induce the rotation of magnetization as well. For example, in ref [66], de Jong et. al. showed that by applying
the fs laser pulses on orthoferrites (here, (SmPr)FeQs) it is possible to induce the magnetization rotation within
a timescale of picoseconds through ultrafast heating. Furthermore, they also showed that the direction of
magnetization in the final state after SRPT can be switched by selecting the helicity of the incident fs pulse
(Figure4-1).

This phenomena is explained in the following manner: when a circularly polarized fs pulse is incident on the
spin system, it passes the angular momentum to the spin system (inverse-Faraday effect). Because of this, the
magnetization starts to coherently precess around the original easy-axis. At the same time, the thermal energy
given from the incident pulse gradually heats up the spin system, changing the shape of free energy curve
with time. The succeeding SRPT favors the direction at which the spin system is at the moment the sample
has reached the threshold temperature Ty, because the magnetic symmetry is instantaneously broken at this
time due to the tilting of magnetization caused by coherent spin precession. This results in the formation of
macroscopically aligned magnetization towards either up- and down direction after the completion of SRPT
process.
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Figure 4-1: Schematic of the mechanism of ultrafast heat-assisted macroscopic domain formation due to coherent spin

precession induced by inverse Faraday effect in (SmPr)FeOs!®®l. Figure reprinted with permission from [66], © 2012 AIP.

4.2 Motivation

Important aspect of the above process may be summarized in two fold effects: (i) instantaneous heating of
the spin system by fs pulse to cause SRPT, and (ii) excitation of coherent spin precession that is used to select
the path of the phase transition. As they showed clearly, such selection of the phase transition path can be
realized by using a coherent spin precession with relatively small amplitude. Therefore, we can expect that
the THz magnetic field can similarly select the path of SRPT through excitation of the coherent spin precession,
if properly assisted by the optical heating pulse.

In the previous experiment shown above, the effects of (i) heating and (ii) spin precession were caused
simultaneously by using a single circularly-polarized pump pulse. Instead, we divide this into two separate
pump pulses of the THz and fs laser, so that each pulse separately bares the role of (i) and (ii), respectively.

In this way, we can expect to create a macroscopically aligned magnetic domain by coherently controlling
the path of SRPT by using THz magnetic fields. Also, owing to the fact that the THz magnetic pulse can excite
only the spin precession without causing unnecessary heating on the electronic systems, it is expected that we
can examine the hypothesis proposed in the previous study that the direction of SRPT is determined by the
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transient phase of the spin precession in a much more clear-cut manner.

The schematic of our concept is illustrated in the Fig.4-2 (a) and (b). (1) At first, the ErFeOs sample is set at
a temperature immediately below that of SRPT region. Here, we irradiate the sample with THz magnetic field,
which causes (2) coherent spin precession in the sample. (3) Then, with a proper delay time dt we apply
another pump pulse of fs optical heating pulse. This pulse (4) causes SRPT, which rotates the magnetization
towards either up- or down directions, depending on the arrival time of the heating pulse with respect to the
THz pump applied at the initial stage.

(a) (3) Heating pulse
(1) Hyyy, pump
(4) Macroscopically aligned

(2) Spin precession magnetization

—_— . et —
(b)
3) Heati . R
(2) Spin preceqqlon (3) Heating Ei;;?er:ir;:ttljg?l?/l+c
(UHTHZ pump

-c +a  +c

(4) Formation of
magnetization // -¢

Figure 4-2: (a) Schematic of the control of phase transition path of SRPT process. The coherent spin precession induced by
THz magnetic fields (1-2) and subsequently incident optical heating pulse (3) results in the formation of macroscopically
aligned magnetization domain (4) in the final state after the completion of SRPT. The direction of magnetization in the final
state can be coherently selected by tuning the delay time of the incident heating pulse with respect to the THz pulse. (b)
Free energy description of the process shown in (a).
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4.3 Experiment setup / sample properties

4.3.1 Design of the SRR structure

In order to obtain sufficient precession amplitude in the first stage, we used the intense THz pulse train that
exhibits peak electric field of ~300 kV/cm in the cryostat, generated by optical rectification in LiNbOs crystals.
Also, to further increase the magnetic field strength, we used the SRR structure similar to the previous Chapter
3. As will be discussed in the following, because of the fact that the spin precession frequency of FM mode
becomes softened due to SRPT, near the SRPT temperatures the incident THz pulse exhibits only a weak
spectral component at the frequency of FM mode (below 0.1 THz). We overcome this problem by using the
resonant nearfield enhancement by SRR.

In the above schematic of SRPT control, the initial temperature of the sample needs to be set at immediately
below the SRPT temperature region, which is between T, =86 + 1 Kand Ty = 97+ 1 K for our ErFeO3 sample.
Figure 4-3 shows the temperature-dependence of the FM mode frequency of ErFeOs obtained by THz-TDS
transmission measurement. It can be seen that near the SRPT temperature T, ~ 86 K, the FM frequency frm
rapidly softens (Owing to the accuracy of fitting, estimated value of the T, contains an error bar of around +1
K). In order to realize complete rotation under finite energy of heating pulse, we have to maintain the sample
temperature as close to T as possible. If the allowed temperature difference from T is set to below 5 K, for
example, then the resonance frequency of the SRR structure fsgrr has to fit within the region from 0.12 THz
to 0 THz.

We designed the SRR structure that exhibits resonance in such frequency region with FDTD simulation. The
geometry and conditions of calculation are indicated in Figure. 4-4.

As a result, the SRR made of gold with the thickness of ~300 nm, lateral dimension of 200 um x 200 um,
gap of 20 um and stripe width of 20 um was shown to exhibit a resonance frequency fsgr ~ 0.0625 THz. The
waveforms and their Fourier spectra obtained in the calculations are shown in Figures 4-5 (a) and (b),
respectively. The incident THz pulse used in the calculation is indicated by blue curve, and the out-of-plane
magnetic fields monitored at the corner (red), center (black) and outside (green) of the SRR structure (see
Figure 4-7) are also indicated. The incident THz electric field was polarized parallel to the gap-baring side of
SRR. After irradiation by THz, a complex pattern of oscillation can be seen in the H; obtained at the corner,
due to the excitation of higher-order modes of SRR. The frequency of the second lowest mode that can be
excited with this polarization is the third-harmonics mode depicted in Figure 4-6 (b), and is visible in the
spectrum as a broad peak centered at ~0.19 THz [Figure 4-5 (b)]. As the time progresses, this mode disappears
and only the sinusoidal oscillation with frequency of ~60 GHz remains, which can be assigned to the

oscillating current mode.
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Figure 4-3: Temperature-dependence of the frequency
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b
Lo
1

as derived previously in eq. 2-11. The lower threshold
02r temperature is estimated to be TL ~ 86 K + 1 K.
86 K .
O 1 E f}'M =0
0 - 1 1 1
60 70 80 90
Temperature [K]
@ o an ax asea gy
b
=) :
"THz source
B s

©

X

Figure 4-4: Geometry of the FDTD calculation viewed from (a) x-, (b) z- and (c) obliquely upward direction. Essentially
the same calculation configurations as in Figure 3-5 have been used. Here, instead of Al, Au (300 nm thickness) was used
as the material for SRR structure. Thickness of the ErFeOs substrate was assumed to be 100 um to meet experimental
conditions.
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Figure 4-5: (a) Temporal waveforms of the out-of-plane magnetic field component H; around SRR structure shown in Fig.4-
4, calculated from FDTD. (b) Fourier spectra of (a) around the oscillating current mode (62.5 GHz). Broad peak around
0.19 THz is ascribed to a higher resonance mode.
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Figure 4-6: Schematic of the resonance mode of SRR. (a) Fundamental (circular-current) mode and (b) 3@ harmonics mode.
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The spatial distribution of H, obtained at the moment where only the fundamental mode remains is depicted
in Fig.4-7. It can be seen that at the corner of the SRR the amplitude is larger than at the center, because the
distance from the metallic stripes are closer. Also, it can be seen that the direction of H; is inverted over the
SRR stripe. The Fourier spectrum Fig.4-5 (b) shows that at the center of the SRR structure, the spectrum
amplitude of H; at 0.065 THz is enhanced compared to the incident THz pulse by around 8 times. This factor
at the corner of the SRR is even larger, reaching almost ~40 times. Therefore, it is predicted that by using the
enhancement in SRR structure, the weak spectral amplitude of the incident THz waves in these frequency

regions can be compensated.

4.3.2 Experimental setup and sample

The experimental configuration is shown in Fig.4-8 (a). The measurement setup (Figure 4-9) is similar to
that used in the previous Chapter 3. However, in addition to the intense THz pump and optical Faraday probe,
here we constructed another optical path of the heating pulse. The spot size of the THz pump was ~500 um
in FWHM and thus covers the whole dimension of the single SRR structure. The power of the heating pulse
is ~1 wJ / pulse, and is focused down to the diameter of approximately 100 um. As shown in Figure 4-8 (b),
the arrival time of the THz pulse peak was defined to be t = 0. The arrival time of heating pulse (dt, measured
from the arrival time of THz peak) was delayed by a mechanical stage, and defined such that dt > 0 when
heating pulse arrives at the sample later than the THz. The Faraday signal induced by THz pulse was measured
by a balance detector which is connected to a lock-in amplifier.

The sample used in the study is a c-cut plate of ErFeOs single crystal grown by the floating-zone method
and crystal axes direction were determined again by X-ray Laue diffraction as in Chapter 3. The SRR structure
was fabricated by photolithography technique, using a maskless-lithography machine in the cleanroom facility
in Riken, in collaboration with the Quantum Nano-Scale Magnetism Team (Prof. Otani group). It is made of
a 300 nm-thick gold film with a ~10 nm-thick titanium film as buffer layer, both deposited by electron-beam
evaporation. Increase of metal thickness (200 nm — 300 nm) and usage of the lower resistance materials as
the main metal film (Al — Au) and the buffer layer (Ni:Cr — Ti) compared to the previous Chapter 3 enabled
us to further increase the Q-factor of the SRR resonance. We fabricated multiple structures on the same sample
as shown in Fig.4-10 (a), and used the best SRR where the largest response was observed. Main SRR used in
the following experiment is indicated in Fig.4-10 (b).

We should note that no external magnetic field was applied to the sample during the experiment, in order to
avoid unexpected influences of such fields. Therefore, the initial state of magnetization in the sample is
expected to contain M // +a and —a-domains simultaneously. However, as long as we excite the spin system
with the £c-polarized magnetic field of SRR and measure the resulted magnetization along the same direction,
the spin precessions induced in the oppositely magnetized domains are always in-phase. Therefore, the

coexistence of the opposite domains does not cause any negative effects on the following experiment.
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Figure 4-8: (a) Schematic of the experiment setup for THz pump-optical pump- optical Faraday probe measurement. The
inset image shows the spatial distribution of H; calculated by FDTD (same as in Fig. 4-7). The probe spot (diameter ~15
pum) was focused at mainly near the corner of the SRR structure, where the magnetic nearfield is expected to be strongest.
(b) Schematic of the time sequence of the incident pulses (bottom), THz-induced out-of-plane magnetization Mz without
heating pulse (middle) and M. after irradiation by heating pulse (top). The timing delay dt between THz and optical pulses
are defined such that dt=0 when two pulses are simultaneously incident and dt>0 when optical pump arrives later than the
THz pulse.
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Figure 4-9: Optical system used in the study. In addition to the intense THz pulse generation setup using LiNbOs crystal
and optical Faraday probe that are used in the previous chapter, here the path of optical pump was newly added.
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Figure 4-10: (a) Optical micrograph of the fabricated SRR patterns (b) Main SRR element used in this chapter with
size L =200 um, width = 20 um and gap = 20 um.

4.4 Results

4.4.1 Temperature-dependence of the THz-induced spin precession

At first, we checked if the fabricated SRR was actually working fine to excite the spin precession upon
irradiation by THz pulse. For this purpose, we measured the Faraday rotation of the spin precession in the
SRR without applying the optical heating pulse. The resulted waveforms measured for different temperatures
are shown in Fig.4-11 (a). Clearly, the beating structure can be seen in the envelope of waveforms measured
at the temperatures below 83 K, due to the frequency detuning between SRR and the FM-mode. In Fig.4-11
(b) the corresponding Fourier spectra are plotted, which shows that they consist of two peaks. One is fixed at
around 0.06 THz which can be ascribed to SRR resonance and the other is dependent on temperature, which
agrees the FM-mode frequency of ErFeOs spin precession. At 84 K, the resonant enhancement of the spin
precession can be observed. The frequencies of each peaks are plotted in Fig.4-11 (c), which shows clearly
that the two peaks cross with each other at around 84 K. These observed features well agree with the result
obtained in the previous chapter. Thus, it was shown clearly that the fabricated SRR is actually capable of
driving the spin resonance at a designed temperature of immediately below the SRPT. Also, from the
temperature-dependence of the FM-mode frequency, the lower-temperature boundary of SRPT T, for the
present sample was estimated to be T. ~85 K+ 1 K.

In should be mentioned that in contrast to the previous chapter, the amplitude of the spin precession remains
relatively large, even at the off-resonant temperatures away from 84 K (e.g., at 78 K the FM-mode frequency
is nearly an octave higher than the SRR driving frequency, yet its spectral amplitude is comparable to the
near-resonant temperatures such as 83 K). This is not caused by the low quality factor of the fabricated SRR
structure, because the linewidth of SRR peak at 0.06 THz is sharp enough. It is suggested, therefore, that there
exists some impulsive-excitation component along with the resonant excitation field due to main SRR mode.
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Figure 4-11: (a) Temporal waveforms of the SRR-induced spin precession measured without heating pulse, (b) Fourier
spectra of (a), along with fitting by two Lorentzian functions for each curves. Time window = [-13 ps, 187 ps] was used. (c)
Temperature-dependence of the frequencies corresponding to the FM-mode and SRR peaks in (b). From fitting by the same
function as in Fig.4-3, Tv for the present case was estimated to be TL ~85 K+ 1 K.

This was not caused by the impulsive THz magnetic field contained in the original incident THz pulse,
because in this SRR-excitation polarization it cannot directly excite the FM-mode. We suspect that the high
order resonance modes of the SRR is responsible for this. As we have seen in Figure 4-5 (b), the 3" harmonics
mode of SRR structure emerges as a broad (short lifetime) resonance centered at around 0.19 THz. This should
give rise to the appearance of increased spectral amplitude in the corresponding frequency region and therefore,
relatively large precession amplitude survives in the off-resonant temperatures below 84 K.

4.4.2 Creation of macroscopic magnetization by SRPT

Now, we proceed to the main experiment: control of the phase transition path of heating-induced SRPT
with THz-induced spin precession. This time, as explained above, we turned on the optical heating pulse in
addition to the THz pump.

The waveform (black trace) indicated in the top graph in Figure 4-12 shows the transient Faraday rotation
measured without applying the heating pulse, which is the same waveform at 84 K as in Figure 4-11. The
oscillation of M; due to spin precession caused by magnetic nearfield of SRR can be clearly seen. In contrast,
when we applied the heating pulse, the waveform behaved quite differently. The middle 2D image of Figure
4-12 shows the dynamics of the out-of-plane magnetization M, measured at 84 K for various values of the
incident timing dt of the heating pulse with respect to the THz pulse. After the application of heating pulse,
the Faraday rotation signal drastically increased and reached the final state with a large finite value that lasted
for longer than several nanoseconds (on this color scale, the spin precession before application of heating
pulse cannot be resolved because its amplitude is too small). Surprisingly, Faraday amplitude measured at the
final state was nearly two orders of magnitude greater than the original spin precession amplitude. As we
discuss in the next subsection, this value was over 60 % of the value of Faraday rotation where total

magnetization was aligned by external magnetic field along *c direction.
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Figure 4-12: Transient Faraday rotation waveform measured for various arrival timing delay (dt) between THz and heating
pulse (middle 2D image), Faraday rotation waveform measured without heating pulse (graph on the top) and the final value
of waveform as a function of dt (graph on the right), measured with the probe time fixed at a sufficiently later time t = 387ps.
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Figure 4-13: Transient Faraday rotation signal measured without the heating pulse (black) and heating pulse incident at 57

ps (red) / 65 ps (blue) after the THz pulse.
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Also, it can be seen clearly that the phase of created magnetization M; in the final state oscillates against dt.
Plot of its final values as a function of dt (graph on the right) clearly shows that the frequency and phase of
this oscillation are similar to the original spin precession waveform. Hereafter we call this waveform “dt-
waveform”. To see this in more detail, typical transient Faraday dynamics measured for two fixed values of
dt (= 57 ps and 65 ps) are shown in Figure 4-13. The rise time after the heating pulse is shown to be around
20 to 30 ps, which agrees with the previously reported rate of energy transfer from the phonon to f-electron
system (i.e., thermalization rate of the spin system) [33 and indicates that the drastic increase of Faraday
rotation is caused by the rotation of magnetization towards out-of-plane direction due to the heating-induced
SRPT. It is seen that when the heating pulse was applied at the moment the spin was slightly tilted towards
+c-axis (dt = 57 ps), the created magnetization M, was also directed towards the +c direction. Conversely,
when the timing of heating pulse dt was changed to 65 ps when the spin was tilted to the —c-direction (dt = 65
ps), then the direction of created magnetization was reversed to the —c direction. This shows clearly that the
direction of created magnetization is determined by the direction of initial tilting of spin system at the moment
of irradiation by heating pulse. If we assume that the sample temperature reaches T, immediately after the
optical excitation, this result agree with the model we proposed previously in the section 4.2 (Figure 4-2) that
the path of SRPT is determined by the instantaneous phase of the coherent spin precession at the moment the

sample temperature has reached the SRPT temperature Ty.

Furthermore, in order to prove that the observed creation of macroscopic magnetization is actually caused
by the magnetic nearfield of SRR, we measured the response inside/outside of the SRR structure. As shown
previously in Figure 4-7, the direction of the out-of-plane magnetic nearfield H, reverses its sign at the
opposite sides of the stripe, reflecting the current flowing in it. The resulted dt-waveforms are shown in Fig.4-
14. As expected, the direction of the created magnetization was completely reversed inside and outside of the
SRR. This shows clearly that the observed phenomenon is induced by the magnetic nearfield of SRR structure.
Also, this suggests that the creation of macroscopic magnetization was realized on a spatial resolution of
approximately 30 um, or 1/16 of the incident THz spot size (~500 um). The spatial resolution of this
magnetization formation is determined by the size of the metallic structure and also by the diameter of the
optical pump spot (~100 um in this case), which means that it may be scaled down to even smaller dimensions

by proper designing of the optical focus systems and metallic structures.
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Figure 4-14: dt-waveforms measured inside (red) and outside (blue) of SRR structure. Insets are the microscope images of
the same SRR showing corresponding probe spot positions (white spot near the left bottom). The contrast of the image are
enhanced for clarity.

4.4.3 Estimation of tilt angle of spins

In this subsection, we give the quantitative evaluation of the macroscopic magnetization created in the THz-
induced SRPT alignment process. For this, we have to know the value of Faraday rotation in the case where
total magnetization in the sample was uniformly aligned along the out-of-plane direction. In order to do this,
we measure the Faraday rotation under the HT phase.

The macroscopic magnetization of ErFeOs is directed towards +c in the HT phase, which is along the out-
of-plane direction for our c-plane cut sample. Therefore, by measuring static Faraday rotation while applying
weak external magnetic fields along +c direction in the HT phase, it is possible to evaluate the Faraday rotation
angle for saturated magnetization domain along out-of-plane direction. Figure 4-15 shows the static Faraday
rotation measured at T = 100K, which is slightly above Tw. Here, the static magnetic field was applied by
placing the permanent magnet from outside of the cryostat, and its direction was inverted every 10 seconds.
The magnetic field strength reached approximately +500 Gauss inside the cryostat, which was enough to
saturate magnetic domains along c. It can be seen that the magnitude of Faraday rotation for saturated
magnetization is +0.061 (rad).

By comparing this value with the measured transient Faraday rotation amplitudes, it is possible to evaluate
the amount of out-of-plane magnetization component or the tilting angle.

For example, the maximum value of the out-of-plane magnetization created after THz / heating pulse
excitation (see, e.g., the value at t = 170 ps of the blue curve in Figure 4-13) was estimated to be 0.039 / 0.061

64



4.4 Results

= 63 % of the total magnetization. In other words, 82 % of the magnetization in the sample is pointing -c and
other 18 % is directed towards +c.

Tilt angle of magnetization during spin precession can be also evaluated in a similar manner. The maximum
amplitude of Faraday rotation caused by spin precession, such as shown in Figure 4-11 (a), was approximately
4X10* (rad). Therefore, the average tilting angle during precession can be estimated to be 46 = sin"* (4 X 10-
4/0.06) ~ 0.4 (deg).

100K
T T T T T
oo s ("*-‘ m 1 Figure 4-15: Static Fa_raday rotation measured at HT ph_ase
E o004} 4 (T = 100K). The direction of external magnetic field
g (approximately 500 Gauss) was applied along *c-axis and
g inverted every 10 seconds.
° OF--4---1-----1---F-1
-
>
S
E 0.04
s VAT 1
| 1 1 | 1

0 10 20 30 40 50
time (s)

4.4.4 Incident THz amplitude-dependence of the created magnetization

Next, in order to evaluate the amount of the created magnetization and to get insight into its formation
mechanism, we measured its dependence on the incident THz amplitude. Here, we focus on the dt-waveform
mentioned earlier. The incident THz amplitude was varied by rotating one of the wiregrid polarizer pair.

The dt-waveforms measured at 84 K for the incident THz amplitude ranging from Etw, = 300 kV/cm (100 %)
to 30 kV/cm (10%) are shown in Figure 4-16 (a). While their frequency and phase are almost similar, the
amplitude of the waveforms are clearly saturated under higher THz fields. For clarity, the normalized
waveforms for 30 kV/cm and 300 kV/cm are plotted in Figure 4-16 (b). It can be seen that the waveform for
300 kV/cm exhibits clamped and rectangular-like shape. Typical dependence of the Faraday amplitudes as a
function of incident THz field [Figure 4-16 (c)]] shows this saturation behavior more clearly. The amplitude
of the original spin precession without heating pump was almost linear under the incident THz amplitude,
indicating that the saturation was not caused by the nonlinearity of the spin precession dynamics. The
maximum value of Faraday signal at saturation [0.04 (rad)] indicates that approximately 63 % of the total
magnetization in the sample was aligned along +c direction, as mentioned in the previous section. This
estimation gives the lower limit, because the amount of magnetization should be larger in the region close to

the front surface where there was sufficient heating.
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Figure 4-16: (a) dt-waveforms measured inside the
SRR for different strengths of incident THz amplitude.
Here, 100 % corresponds to 300 kV/cm in peak electric
field.

Figure 4-16: (b) The normalized dt-waveforms
for the incident peak THz amplitudes of 300
kV/cm and 30 kV/cm. The waveform for the 300
kV/cm is clearly saturated.

Figure 4-16: (c) THz amplitude-dependence of
the traces in (a) evaluated as the average within
4 ps around dt = 38ps (red filled square) and that
of spin precession amplitude measured without
heating pulse (black open circle), evaluated as
the root-mean-square amplitude of the waveform
in the time range t = [-13 ps, 253 ps]. Solid curve
is the fit by an error function. Blue line indicates
the amplitude of static Faraday rotation
measured in the HT phase, with M completely
aligned towards +c or —c directions by the
application of external static magnetic fields.



4.4 Results

In the weak THz amplitudes regions, in contrast, the dependence shows a linear response. Such crossover
behavior from the linear to saturation behavior can be understood by taking into account a finite distribution
of magnetization around its equilibrium position (Figure 4-17), possibly originating from thermal fluctuation
or domain distribution in the sample, as discussed later. If we assume the existence of such finite distribution
of spins, then the measured Faraday rotation is given by an ensemble average of such magnetic moments
within the probed region. In the case of thermal fluctuation, for example, the shape of this distribution may
be approximated by a Gaussian function. We can also assume from the results obtained in the former section
that the amount of magnetization in the final state is given by the difference of the number of spins in the +c-
and -c- sides at the moment of irradiation by a heating pulse.

When such ensemble of spins are excited by a weak THz magnetic field, the spin system is only weakly
fluctuated and therefore, the number of spins at each sides change only linearly with respect to the amplitude
of spin precession. On the other hand, under the high incident magnetic field strength the tilting angle of
coherent spin precession induced by the THz exceeds this width of distribution. This leads to the complete
weight shift towards £c during the precession motion, resulting in the saturated magnetization after heating.

In the above model, the THz amplitude dependence of the created magnetization is expected to be expressed
by the integral of Gaussian function, i.e., an error function. In Fig.4-16 (c) we plotted the fit of experimental
data by this function, which nicely reproduces the observed dependence and thus validates the
abovementioned mechanism that the direction and amount of the created magnetization is actually determined
by a small shift of spin population at the initial moment of optical heating. As will be mentioned in the
following sections, such picture is also validated from the measurement of the temperature- dependence of
the dt-waveforms. The width of Gaussian can be estimated from the fitting curve of Figure 4-16 (c): It can be
seen that the saturation becomes apparent over the THz amplitude of ~40 %, which corresponds to the tilt
angle of original spin precession of ~0.2 deg. Therefore, the distribution width of the abovementioned

ensemble of spins is estimated to be of the same order.
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4.4 Results

As for the origin of such distribution, two possibilities are considered. First possibility is the thermal
fluctuation of the spin system caused by finite temperature of the sample. The Néel temperature of ErFeQs is
Tn ~600 K. Considering this and the Brillouin function to describe the temperature-dependence of sublattice
magnetization S;, the average sublattice magnetization along the antiferromagnetic vector at 84 K is
estimated to be around |S1 2| ~ (1-10-°). Because of this thermal excitation of Sy ,, the total magnetization M is
also expected to exhibit a similar fluctuation of the order AIM| ~ (1- |S1.2|)¥? ~ O (10-%), which roughly agrees
the distribution width (~O (0.1 deg)) obtained in the above experiment.

Another possibility is the distribution of static magnetization domains within the probed region. Although
the total magnetization M is basically aligned towards M // +a or M //-a at the initial state, the coexistence of
these two oppositely magnetized states within the finite sample volume can lead to the formation of magnetic
domain walls. Magnetization in such regions are likely tilted from the original equilibrium directions.
Furthermore, because our experiment is a repetitive measurement, the shapes of such domains formed after
every 1 kHz shots of heating pulse are expected to be randomly determined. This may also give rise to
appearance of the observed finite distribution of magnetization around the equilibrium direction when

averaged by the time constant of lock-in detection, which is around 1s / points in this case.

To conclude, our results clearly showed that due to the excitation by THz pulse, magnetization domain that
is saturated and almost totally aligned to either direction within the heated region could be created in the SRPT
process. To the best of our knowledge, this was the first demonstration that the THz magnetic field was

successfully used to control the magnetization of condensed-matter system in a macroscopic level.

4.45 Temperature-dependence of the created magnetization

Lastly, in order to further examine the magnetization formation mechanism, we measured the dt-waveform
at various temperatures (Fig.4-18). As can be seen, the waveform changes strongly with temperature. The
most significant change can be seen in their amplitudes. Plotted in Fig.4-19 (a) is the amplitude of each
waveform as a function of temperature, evaluated as its root mean square in the range t = [0, 260] ps. It can
be divided into following three characteristic temperature regions: (i) lower temperatures from T = around 74
K to 83 K (yellow-colored region), where the amplitude is small and slowly increases as temperature rises,
(ii) T =around 83 K to 84 K, where the signal significantly increases (red-colored), and (iii) T 2 84.5 K, where
it sharply drops to zero (blue-colored). In the following we will discuss the origin of each features in more
detail.

(i) The relatively small amplitude in the low initial-temperature regions can be assigned to the incomplete
rotation of magnetization after heating. In these temperatures, the temperature rise caused by the excitation
with heating pulse is insufficient to make the spin system reach high temperature phase (HT) in the final state,

leaving the magnetization in the intermediate angles between ¢ = 0 ~ 90 deg. Figure 4-19 (b) shows the final
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value of the out-of-plane magnetization component after heating as a function of initial temperature. This
trace was calculated by shifting the trace of temperature-dependent rotation curve of magnetization near the
SRPT region [Figure 2-3 (c)] by 6 K, i.e., the average temperature rise caused by heating was assumed to be
AT =6 K. The trace qualitatively reproduces the tailed feature at low temperature region in Figure 4-19 (a).
Slight deviation may be due to the inhomogeneity of heating in the sample along the propagation direction of
heating pulse.

(i) The increase of signal amplitude at T = 84 K is assigned to the resonant enhancement of spin precession
by SRR resonance. As mentioned previously, the SRR structures were designed such that its resonance
frequency (~20 GHz) matches the FM at 84 K. Figure 4-19 (c) plots the amplitude of FM precession measured
without heating pulse [original waveforms are shown in Figure 4-19 (a)] and therefore, the signal enhancement
caused by resonant enhancement at this temperature is observed as mentioned previously.

(iii) The sharp decrease of signal occurs over a threshold temperature Ty, ~ 84.5 K. This temperature
coincides well with the lower temperature boundary of SRPT T, ~ 85 £ 1 K, estimated from the temperature
dependence of the FM frequency in the previous section [Figure 4-11 (c)]. From this, we can presuppose that
Tin = TL = 84.5 K. Interestingly, the amplitude of original spin precession remains almost unchanged around
this temperature [Figure 4-19 (c)], while only that of dt-waveform changes drastically. This indicates that the
observed disappearance of the signal reflects some intrinsic nature of the magnetization formation process
caused by SRPT.

In order to explain this behavior, we have to take into account the static tilting of the equilibrium angle of
magnetization within the SRPT temperature region. As mentioned earlier, the SRPT of ErFeOs is a second-
order phase transition and thus, the easy-axis of magnetization continuously rotates within the a-c plane.
Therefore, over Ty, the magnetization points slightly away from the a-axis.

When the sample temperature is below T (LT phase), as is the case for yellow- and red- colored regions in
Figures 4-18 and 4-19, the equilibrium direction of magnetization is pointed towards a-axis and the
magnetization precesses around this direction with an amplitude of ~0.4 degree, as shown in Figure 4-20 (a).
As long as the THz amplitude is large enough, the created magnetization after heating points towards either

the +c or —c directions almost completely in the heated region, as mentioned in the former section.
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Figure 4-18: dt-waveforms measured with maximum incident THz amplitude for various temperatures. The yellow-, red-
and blue-colored regions correspond to the temperature regions which are dominated by different origins described in (i),
(i) and (iii) in the main text, respectively.
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Figure 4-19: Temperature dependence of the amplitude of dt-waveform (a) and the THz-only waveform (c). (b) The final
value of the out-of-plane magnetization M; assuming the temperature rise AT = 6 K, calculated by shifting the temperature-
dependence curve of magnetization obtained from a procedure described in 2.1.3. (d) Cutoff behavior at T > T ~ 84.6 K
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Figure 4-20: Schematic explanation of the disappearance of signals in T > TL region due to static deviation of magnetization
direction from a-axis. (a) When the initial temperature Tini < Tv, as long as the amplitude of coherent spin precession induced
by THz magnetic nearfield is large enough, the magnetization in the final state can be selectively formed. However, when
Tini > Tu, (b) the static tilting of the magnetization away from the original a-axis will overcome this precession amplitude
and therefore, the population ratio towards +c —axis cannot be modulated by the precession any more.

On the other hand, when the initial temperature was set above T, the equilibrium direction of magnetization
is slightly deviated from the a-axis [Figure 4-20 (b)]. Quantitatively, it can be seen from the temperature-
dependence curve of magnetization shown in Figure 2-3 (c) that an increase of the temperature by 0.1 K
immediately above T results in the rotation of the easy-axis direction of approximately 1 degree, which is of
the same order with the spin precession amplitude (~0.4 deg, see Figure 4-17). Therefore, over this
temperature the angle of static deviation of the spin system exceed that of the THz-induced precession. This
means that the direction of final-state magnetization is determined only by the initial tilting direction of
magnetization and cannot be influenced by the THz-induced precession motion. As mentioned in the first
section, during the SRPT the rotation of the spin system towards +c and —c directions occurs with an equal
probability. Therefore, under such conditions, the amount of the created net magnetization is zero. Thus, the
observed disappearance of signal above T_ was explained qualitatively. If we assume again that the
distribution of magnetic moments has a finite width within potential minima (e.g., Gaussian function) and that
its average position shifts linearly towards +c direction with an increase of temperature, then the observed
disappearance feature is expected to be roughly approximated by an error function, as shown in Fig. 4-19 (d).

By taking into account all the above mentioned effects (i)-(iii), we multiplied all the traces in (b), (c) and (d)
to get the solid traces in Fig. 4-19 (a), which nicely reproduced the observed data throughout all temperature
regions including above Ty. It is worth noting that the observed disappearance above Ty clearly verifies our
assumption in the first place that symmetry breaking is caused by the small tilting of magnetization about

equilibrium position in the initial process of SRPT.
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4.4.6 Contribution of SRR magnetic fields on the process of macroscopic
magnetization formation

So far, we could successfully understand the overall behavior of the macroscopic magnetization creation
process within a simple assumption that the direction of created magnetization is the same as that of the initial
tilting at the instance of phase transition. In this subsection, we further examine this hypothesis by comparing
the original spin precession dynamics measured without heating pulse (t-waveform) with the temporal profile
of resulted magnetization (dt-waveform).

Figure 4-21 (a) shows the waveforms measured at 80 K, 81 K, 82 K and 84 K. The black and red traces are
the t-and dt-waveforms, respectively. In every temperatures except for 84 K, the original spin precession (t-
waveform) decays within ~200 ps after excitation by THz pulse. If only the tilt of magnetization causes the
formation of macroscopic magnetization after optical heating, no signal should appear in the dt-waveform
after 200 ps. Interestingly, however, strong signal can be seen in the dt-waveform in the temporal region even
after 200 ps where the spin precession has decayed. More importantly, the period of oscillation of this signal
is approximately 16 ps (0.06 THz), which can be assigned to the SRR-resonance frequency.

To see this more clearly, the waveforms measured at 81 K is expanded in the temporal region from 110 ps
to 280 ps in Figure 4-21 (b). Clearly it can be seen that around the time where there is sufficient amplitude in
the spin precession (see, for example, t = 110 ps to 170 ps in the t-waveform), the resulted magnetization (dt-
waveform) follows the frequency of original spin precession motion. The phase delay between t- and dt-
waveforms during this time is ascribed to the time it is need for the spin system to reach T after optical
excitation. As time progressed and the precession has decayed after t = 200 ps, the dt-waveform keeps a
similar amplitude with the former region but its frequency is changed to that of the SRR resonance.

It should be noted that the SRR magnetic field itself is still present in this time region. In the t-waveform of
84 K where the FM-mode and SRR frequencies are matched with each other, the spin precession still remains
unlike in the other temperatures. As the lifetime of FM-mode spin precession shortens rapidly near Ty, the
lifetime of the original spin precession at 84 K is estimated to be less than 200 ps, judging from the t-waveform
of 82 K. Therefore, the existence of the spin precession at 84 K in the time region after 200 ps suggests that
the SRR magnetic field is still continuing and this field is resonantly driving the spin precession. At
temperatures away from 84 K, the detuning between the FM-mode and SRR frequency becomes large [see
Figures 4-11 (b) and (c)] and such resonant excitation does not occur, thus the precession lasts only within the
lifetime of the FM-mode.

These facts indicate that even when there is no tilt of magnetization due to precession, the magnetization can
be macroscopically aligned by the application of THz magnetic field itself. This phenomenon cannot be
explained within the abovementioned model, where only the tilt of magnetization determines the path of phase
transition. It is also suggested that the effect of THz is different from the static magnetic field, which only
causes the tilt of magnetization in the initial state and is thereby expected to provide similar effect with the

spin precession. The origin of this phenomenon will be analyzed in detail in the next chapter.
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Figure 4-21: (a) The t- and dt-waveforms measured at off-resonant temperatures (T = 80 K, 81 K and 82 K). The dt-
waveform follows the motion of t-waveform (original spin precession) in the regions where there are sufficient amplitudes
of spin precession, however, in the small-amplitude regions it exhibits an oscillation with the period of SRR-resonance. (b)

The waveforms at 81 K expanded within 110 ps to 280 ps.
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4.5 Chapter summary

In conclusion, in this chapter we realized the coherent control of macroscopic magnetization formation
process using intense THz magnetic fields. We used the THz fields as a trigger of the optical heat-assisted
SRPT in ErFeOs, which resulted in the formation of uniformly aligned magnetic domain with macroscopically
broken symmetry in the final state. By utilizing two separate pump pulses of THz and optical heating, the
coherent dynamics of such domain creation process was clearly and unambiguously revealed.

The overall behavior can be well understood by the model similar to that previously proposed by de Jong
et. al.,[%%l that the determination of the path of ultrafast heat-induced SRPT is dominated by the instantaneous
tilting of the spin system at the moment the sample temperature has reached SRPT region T.. However, by
closely comparing the original spin precession (t-waveform) dynamics with the temporal profile of the
resulted magnetization (dt-waveform), it was indicated that the transient THz magnetic field itself produced
by the SRR also contributes strongly to the domain formation even when the actual tilting of magnetization
at the initial process is small enough, which cannot be explained within the framework of previous model. In
the following Chapter 5 we examine this phenomenon in more detail, aiming at obtaining the physical picture

of its underlying mechanism.
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Chapter 5: Numerical simulation of
the macroscopic domain formation
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5.1 Brief summary of important features observed in Chapter 4

The aim of this chapter is to clarify the mechanism of macroscopic domain creation process observed in the
aforementioned THz-controlled optical heat-assisted SRPT experiment in Chapter 4. First, we summarize the

important results obtained in Chapter 4:

(1) Irradiation by optical heating pulse can induce the SRPT, which causes the magnetization state to rotate

from M // ato M // +c, where M is the ferromagnetic component.

(2) By exciting the system with THz magnetic field in advance to the heating pulse, one of the two (+c or —
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5.2 Simulation of magnetization dynamics using LLG equation and free energy model

c-aligned) macroscopically magnetized domain states can be selected in the final state, reflecting the

transient phase of spin precession at the moment of photoirradiation.

(3) THz amplitude-dependence measurement suggests that the direction of M has a finite distribution around
equilibrium direction.

(4) Even when the spin precession amplitude is small (or zero), macroscopically magnetized domain can be
created, reflecting the amplitude and direction of the THz magnetic field applied by the SRR structure.

As mentioned in the last part of Chapter 4, the result (4) cannot be explained under the conventional model
that the tilting direction of magnetization at the moment of heating determines the resultant magnetization
state. The main aim of this chapter is to give a microscopic explanation to this phenomenon. We do this by
simulating the spin dynamics using Landau-Lifshitz-Gilbert (LLG) equation, which describes the classical
motion of the spin system. In the following we first give an overview of the model and then fix the values of
essential parameters based on the observations. Finally, using such model we aim to identify the physical

mechanism responsible for the creation of macroscopic magnetization domains induced by THz fields.

5.2 Simulation of magnetization dynamics using LLG equation

and free energy model

5.2.1 2-spin free-energy model

As mentioned in Chapter 2, the static and dynamical behavior of the ErFeO3; magnetization are known to be
well described by the LLG equation along with the 2-spin free energy model described by eq. 2-1.

In this model, the behaviors of equilibrium position and the magnetic resonance modes are dominated by the
second order anisotropy terms Ax and Az. For ErFeOs it is known from the temperature dependence of the
magnetic resonance frequencies that the parameter A, is the most predominantly temperature dependent term.
In the following we fixed the values of other temperature-independent terms as J = 20, D = (0, -0.86, 0), A

=-0.1 and A, = 0.0007 (all units in cm™), based on the parameters derived in the previous researches 113114,
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Figure 5-1: (a) Shape of free energy curves near the SRPT temperature region, calculated from eq. 2-4. (b) Equilibrium
states of the two sublattice spins S1 and Sz, and the total magnetic moment M = S; + Sz. Here, M is exaggerated by 10 times
for clarity. Here, the temperature was varied by changing the parameter Az using the relation shown in Figure 5-2 (b).

5.2.2 Equilibrium spin states

The equilibrium states of the spin system can be calculated from egs. (2-1) and (2-7) ~ (2-10) by assuming
Hthz = 0 and that the left hand sides of the egs. 2-7 and 2-8 are zero. In this way, the shapes of the free energy
curve and equilibrium states of the spins are calculated. Figure 5-1 (a) shows the free energy curves at the
temperatures of 74 K (LT), 88 K (during SRPT) and 106 K (HT). It can be seen that the free energy exhibits
single minimum around M // a in the LT, double minimum in the SRPT temperature region and minimum
points around M // £c in the HT phases. Correspondingly, it can be clearly seen that the spin system rotates
continuously within the x-z plane with temperature as can be seen in Figure 5-1 (b).

5.2.3 Temperature-dependence of spin resonance frequency

Next, we derive the relationship between A, used in the simulation and the absolute temperature T of the
sample during experiment. As mentioned previously, the frequencies of the FM- and AFM modes are
determined by the parameter A;;. Using this, by comparing the frequencies of the calculated resonance modes
at each values of A, with the experimentally obtained resonance frequencies at each temperature, it is possible
to identify the relationship between these values. We simulated the spin dynamics under the condition that the
spins S1 and S; are excited by an impulsive magnetic field polarized along [111] direction and plotted the
frequencies of subsequent oscillation corresponding to the precession motion of the total magnetization M
(FM-mode) and the fluctuation of the length of M (AFM-mode).

79



5.2 Simulation of magnetization dynamics using LLG equation and free energy model

(a) T T T T (b)
03 \\,_ TL_ .TH
) _ AFM mode resonance -0.096
E 0.6 .
S \ 3 -0.100
=
% 0.4 FM mode resonance |
2 -0.104
02F i .
"."v=" -0.108
(113 1 1l 1 1 1 =
0 50 100 150 200 250 70 80 90 100
Temperature [K] Temperature [K]

Figure 5-2: (a) Temperature-dependence of the two magnetic resonance modes (FM- and AFM-modes) reproduced in the
model calculation. (b) Relationship between the sample temperature and anisotropy parameter Az (T). The lower (TL) and
higher boundaries (Tw) of the SRPT temperature region is indicated by vertical dotted lines.

Figure 5-2 (a) shows the calculated temperature-dependence of the two resonance modes. Here, we
approximated the temperature-dependence of Ax(T) by a following inverse-proportional function (Curie-
Weiss law):

Az (T)=-al(T+b)+C.

This form originates from the fact that the anisotropy field of Fe3* spin systems is predominantly determined
by the paramagnetic magnetization of 4f electrons in Eré* ions (6], We have chosen the parameters a, b and
C so that the overall shapes of the temperature-dependence curves of FM- and AFM-mode frequencies best
reproduced the experimentally obtained curves (Figure 2-5 1), Figure 5-2 (b) shows the reproduced curve of
Az (T) near the SRPT temperature regions. It can be seen that around 80 K to 100 K, Az (T) is essentially

linear against temperature. Therefore, in the following we approximate A;; (T) to be a linear function.

5.2.4 Spin precession excited by SRR magnetic fields

Using the parameters determined in the abovementioned procedures, next we calculated the spin precession
dynamics after excitation by SRR magnetic fields. The THz waveform used in the calculation is shown as the
black curve in Figure 5-3 (a). Base on the result of FDTD simulation in the section 4.3.1, it was designed to
consist of two frequency components: the long-duration (>300 ps) oscillation with 0.06 THz frequency (main
resonance mode of SRR) and the short-duration (< 20 ps) component centered at 0.19 THz (3 harmonics
mode, see Fig. 4-5 (b)). The amplitude ratio of the two peaks was adjusted so that the ratio of SRR and FM-
mode peaks in the simulated spectra of spin precession reproduced the observation [Figure 4-11 (b)]. The
decay constant of spin precession a was also adjusted for each temperature to reproduce the experimental

waveforms as shown in Figure 5-3 (c). It is divergent near SRPT temperature T., which is the same tendency
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reported previously in the THz-TDS measurement (311,

The resulted waveforms shown in Figure 5-3 (a) well reproduced the main features observed in the
experiment. It can be seen that the precession was resonantly enhanced at 84 K due to SRR. Below this
temperature the precession exhibits a shortened lifetime and the beating structure caused by detuning between
SRR and FM-mode frequency. At temperatures sufficiently far from this resonance temperature, the FM-
mode still exhibits comparable amplitude in the early stage of precession (see, e.g., waveform at 77 K),
because of the excitation by 3™ harmonics mode-component of incident THz field.

5.2.5 Simulation of ultrafast heating process

As the next step we regard A, as a time-dependent parameter in order to express ultrafast heating of the
spin system. The time evolution of A;; was approximated by an exponential function, as shown in Figure 5-4
(a). Here, as a typical case, the initial temperature is set at 76 K. The temperature rise induced by the irradiation
of heating pulse is assumed to be 30 K, which is enough to cause complete rotation of the spin system from
M /] ato M /] £c after the SRPT if the initial temperature is in the range T = 74 K to 85 K.
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Figure 5-4: (a) Typical time evolution of the anisotropy parameter Az (t) used in the simulation. Here, Tini = 76
K and the heating pulse is incident at t = 228 ps. (b) Calculated time evolution of the z-component of the total
magnetization M (t) shown in (c) expanded around the a-axis. (c) Overall dynamics of M (t).

The time evolution of the z-component of total magnetic moment M; is plotted in Figures 5-4 (b) and (c).
After the incidence of the THz magnetic field at t = 0 ps, the magnetization oscillates around the a-axis [see
Figure 5-4 (b)], indicating precession motion of FM-mode. After the incidence of heating pulse at t = 228 ps,
sample temperature gradually increases. As it reached T, = 86 K at t = 240 ps, M, rapidly drops within ~20
ps and settled into the final state with M, // -c (Figure 5-4 (c)). This behavior well reproduces the spin dynamics
measured previously in Chapter 4 (see Figure 4-12). Therefore, it was shown that the basic characteristic of

the spin dynamics and the ultrafast heating-induced SRPT process can be successfully reproduced within this
model.
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5.2 Simulation of magnetization dynamics using LLG equation and free energy model

5.2.6 Simulation of dt-waveform
5.2.6.1 Procedure for calculating the dt-waveform

So far we obtained all the realistic parameters needed to describe the spin dynamics in SRPT process. In the
next step we use them to calculate the dt-waveforms. To do this, we have to calculate the “t-waveform” similar
to Figure 5-4 (b) and plot the value of magnetization M, at sufficiently later time (t = 360 ps) for each values
of incident time dt. However, with this procedure alone the resulted magnetization (dt-waveform) is always
saturated either at M, // +c or M, // -c and exhibits a clipped waveform as shown in Figure 5-5 (a), unlike in
the experimental waveforms where they could take the intermediate values.

To resolve this, we have to take into account the fact that the equilibrium direction of magnetization has a
finite distribution around potential minima probably due to thermal fluctuation, as indicated in former section
4.4.4. Here we mimic such fluctuation in terms of a tiny random magnetic field AHang. added to the last term
of equation 2-1, and take the averaged results of 100 times. By doing this, we can calculate the statistical
probability of the average direction of magnetization rotation upon SRPT.

The dt-waveform calculated for the temperature of 84 K in this way is shown in Figure 5-5 (b). In contrast
to the previous case, it is seen that the magnetization can take continuous values from —c to +c directions, in
a similar manner with the experimental waveforms. Thus, the effect of the finite distribution of magnetic

moment was successfully reproduced by phenomenologically including a randomly fluctuating magnetic field.
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Figure 5-5: The dt-waveform for 84 K calculated without (a) and with (b) the fluctuating magnetic field AHrana.
The black curve in (a) indicates the original spin precession without heating.
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Figure 5-6: (a) Calculated THz amplitude-dependence of the dt-waveform at 84 K. (b) Amplitude at dt = 51 ps
plotted as a function of THz amplitude.

5.2.6.2 THz amplitude dependence
Using the model, we checked if the essential behaviors of the dt-waveform observed in the experiments can

be reproduced. For this, first we calculated the incident THz amplitude-dependence of the dt-waveform.
Figure 5-6 (a) shows the waveform at 84 K for various THz amplitudes. Clearly, the waveform saturates at
the higher incident THz fields and exhibits clamped shape. Typical amplitude-dependence at a fixed value of
dt = 51 ps is plotted in (b), which nicely reproduces the tendency observed in Figures 4-16 (a) - (c) in the
previous chapter. This indicates that the amount of created macroscopic magnetization is actually determined
by the balance between the precession amplitude and finite distribution of magnetization, which is modeled

by AHrang. in this calculation.

5.2.6.3 Temperature dependence
We also calculated the temperature-dependence of the dt-waveforms as shown in Figure 5-7 (a). The

corresponding amplitudes are plotted as a function of temperature in (b). They reproduced the main features
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observed in the experiment (Figures 4-18 and 4-19): (i) in the lower temperature regions (T< 70 K) the signal
amplitude continuously decreases due to incomplete heating, (ii) around 84 K where the frequency of SRR
and FM-mode precession were matched, it exhibits a peak due to the resonance enhancement of the spin
precession amplitude and (iii) over T the signal rapidly decreases and completely disappears. Especially, the
presence of (iii) in our calculation result clearly suggests that our aforementioned model is valid, that the
signal disappearance in this temperature region is ascribed to the static rotation of the magnetization away
from the original a-axis due to SRPT.

We can see in (b) a plateau structure in the temperature region of 70 K ~ 80 K, which was not so clear in the
experimental results [Figure 4-19 (a)]. This is a consequence of the fact that the temperature rise which was
set to 30 K in our calculation may have been much larger than in the experiment. Temperature rise estimated
from the experiment was approximately ~6 K (section 4.4.5), however, this only gives the average value of
heating within the pumped (probed) region along the direction of sample thickness. As mentioned in section
4.4.4, considering finite optical absorption inside the sample (OD ~ 1) it is very likely that the maximum
heating at the surface exceeds the average value, possibly reaching ATmax, = 10 ~ 20 K. At any rate, it does
not cause significant influence in the following discussions and thus, we will continue to use the same

parameter. Detailed features of the dt-waveform is discussed in the following section.
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Figure 5-7: (a) Calculated temperature-dependence of the dt-waveform. (b) Root mean-square amplitudes (within
the time region dt = 0 to 268 ps) of (a) plotted as a function of temperature.
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5.3 Mechanism of domain creation by THz magnetic fields

5.3.1 Comparison of t- and dt-waveforms

Here we compare the dt-waveform with the corresponding t-waveform as we did in former section 4.4.5,
and see if the SRR magnetic field-induced magnetization alignment is reproduced in our model.

At first, we start from examining the t-waveform obtained in the calculation. Here, the incident THz magnetic
fields shown in Figure 5-8 (a) was used. As a typical case, in Figure 5-8 (b) we plot the t-waveform calculated
for 76 K. The spin precession consists of two frequency components corresponding to the SRR and FM-modes.
The FM-mode component is dominant in the earlier periods of time evolution (0 < t < 200 ps) because in this
temperature the spin system is mainly excited in an impulsive manner by the higher mode of the SRR magnetic
field, but in the later times (t > 200 ps) its amplitude becomes small enough due to damping and is exceeded

by the weaker oscillation with SRR frequency. We fitted the t-waveform with the following function:
) L—1p )
M,(t) = A; sin(w,t — ¢) exp(——a ) + A, sin(w,t — ¢5) (eq. 5-1)
1

As shown by the black dotted curve of Figure 5-8 (b), the waveform can be excellently well fitted by the
above function. The envelopes for the w1- and wz-components (A1 exp [-(t-to)/a1] and Ay) are also indicated
in Figure 5-8 (b) as the red curve and the black line. It can be seen that the amplitude of w,-component (SRR
frequency-component) is almost negligible compared to the wi-component (FM-mode).

The dt-waveform calculated for the same temperature is shown in Figure 5-8 (c). In contrast to the previous
case of t-waveform, the FM-mode frequency component is dominant in the first half of the waveform (0 <t
<100 ps), but in the last half (t >100 ps), the waveform is dominated by the SRR-frequency component. Also,
in the earliest times the signal amplitude are apparently saturated. Taking this into consideration, we fitted the

dt-waveform with another function:

dt

M ™ (qe) = Erfc[{A, sin(w,dt — ¢,) exp(—

a_ to) + A; sin(w,dt — ¢3)}/As] (eq. 5-2)

We plotted again the envelope functions of each components as the red curve and black lines. Interestingly,
the moment of crossover from the FM-mode-dominant to the SRR-dominant oscillation (i.e., the time when
the amplitudes of the two envelope functions matches with each other) seen in the dt-waveform (105 ps)
occurs much earlier than the case of t-waveform (180 ps). If only the initial amplitude of magnetization
determines the amplitude of created dt-waveform at corresponding times, it is expected that such shift of
crossover time does not occur. This suggests that when the amplitude of original spin precession becomes
smaller than a certain level, the direction of created magnetization is determined by the SRR magnetic fields
applied at the instance of SRPT, instead of the initial tilt of magnetization due to spin precession. This is the

same behavior as observed in section 4.4.6 [Figure 4-21 (b)].
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Figure 5-8: (a) Temporal waveform of the incident THz magnetic field Hrh (t) used in calculation. (b) Calculated
dynamics of z-component of magnetization after excitation by THz magnetic field (t- waveform) at 76 K. (c)
Corresponding dt-waveform of (b). The black dotted curves in (b) and (c) are the fitting by equations 5-1 and 5-
2 in the main text.
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In order to further verify this, we calculated the t- and dt-waveforms for a lower temperature than the
previous case. Because the detuning between the FM-mode and SRR resonance frequencies becomes larger
in the lower temperatures, the precession signal is dominated almost solely by the FM-mode frequency
component and the SRR-component becomes less significant.

The results of calculation for 69 K are shown in Figure 5-9 (a). The SRR-frequency component cannot be
visible in the t-waveform in this case throughout the calculated time region. The Fourier spectra of the t-
waveforms for 69 K and 76 K is plotted in Figures 5-9 (b) and (c), which shows that in the case of 69 K the
amplitude of the SRR peak is decreased to approximately 1/3 of the original amplitude at 76 K. In spite of
this, however, the dt-waveform calculated for 69 K still exhibits a large amplitude of oscillation with SRR-
frequency that is comparable to the signal amplitude at 76 K in the dt > 150 ps region, where the precession
amplitude sufficiently decayed. This verifies that the appearance of the SRR-component in the dt-waveforms
is not caused by the weak SRR-frequency component remnant in the original spin precession, but caused
actually by the SRR magnetic fields present at the time.
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Figure 5-9: (a) The t- and dt-waveforms calculated for 76 K and 69 K. The region indicated by blue dotted circle is where the
SRR-frequency component is dominant in the dt-waveform. (b) The Fourier spectra of the t-waveforms for 79 K and 69 K.
(c) Fourier spectra shown in (b) expanded around the SRR peak.
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5.3.2 Spin dynamics during potential reshaping

The results in the previous sections showed that the creation of macroscopic magnetization due to THz
magnetic field similar to what we observed in the experiment can be actually reproduced by using our free
energy model, however, its physical picture remains unclear. In order to clarify the mechanism, we calculated
the shape of transient free energy curves at each time and the relative direction of spins within it.

Figure 5-10 (a) shows a t-waveform calculated for T = 76 K. Here, the heating pulse was incident on the
sample at t = 228 ps, at which time the effect of SRR magnetic field, not the amplitude of precession, is
expected to be the dominant cause of domain creation, from the result of previous subsetion. We calculated
the free energy curves of the spin system projected onto x-z plane using the equation 2-1. The results are
shown in Figure 5-10 (b), along with the circles indicating the direction of spin M; at each time in x-z plane.

' ' ' ' : ' ' Figure 5-10: (a) The t-waveforms calculated for 76 K (red)
: and the incident THz magnetic field (blue). The heating
pulse is incident at t = 228 ps. (b) The free energy curves
projected onto x-z plane calculated at each time.
Horizontal axis indicates the angle [a-axis = n/2 (vertical
line)]. The filled circle indicates the direction of M..
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5.3 Mechanism of domain creation by THz magnetic fields

Before incidence of the THz magnetic field, magnetization M; is fixed at the original position (a-axis (-60
ps)). During the action of impulsive THz magnetic field caused by higher mode of SRR, the strong magnetic
field causes the shift of free energy curve towards either -c (2.4 ps) or +c (4.8 ps) direction. This initiates the
spin precession after the impulsive field of THz has gone (7.8 ps). At sufficiently later periods M, remains
almost still around the origin, with a tiny oscillation caused by the long-lived mode of SRR (222.6 ps).

Here, the ultrafast heating induced by the application of fs laser (228 ps) causes the free energy shape to
change with time: the curvature of the parabola gradually opens up (235.2 ps), surpasses the state with almost
a zero-curvature (236.4 ps) and immediately inverts its sign (240.6 ps). Note that M, does not immediately
follow the potential minima at each time, but remains for a while near the original position, which is an
energetically unstable state after the shape of the parabola was changed to upward-convex. Once such state
was created M; starts to roll down the parabola (244.8 ps) towards the direction it was at the moment the
upward-convex parabola was formed, which is to the left in this case. Finally, M; settles into the new potential
minima (-c-axis) in ~20 ps.

An important aspect can be foreseen from above result: the path of SRPT is ultimately determined by the
relative position of M, against the potential maxima within a short time after the change of sign from
downward- to upward-convex. To further examine this process, we have expanded the above graphs around
the minima and focused on the temporal region near the moment of this transition from downward- to upward-
convex (Figure 5-11 (b)). Here, the position of potential minima (red) and maxima (black) are also plotted.
Their dynamics are plotted as functions of time in Figure 5-11 (a).

At the moment of this transition (t = 236 ps), it can be seen that due to the SRR magnetic field present at the
time the flat potential is tilted slightly towards the left direction, while the position of M, remains almost
unchanged. Due to this, the potential minima is at far-left end and the maxima is at the rightmost side of the
graph. As time progresses the curvature of the parabola increases (238 ps-240 ps), which makes the point of
potential maxima to gradually move leftward toward the origin. However, during this time the position of M,
is also pushed leftward due to the magnetic field, leaving away from the original a-axis (241 ps-242 ps).
Therefore, when the maxima had reached the origin, M, is already at some distance from this axis (243 ps).
After this, M, cannot come back to the origin anymore because of the energy barrier and just keeps rolling
down the slope until it reaches the new minimum located at — axis.

The spin dynamics revealed in the above calculation can be directly applied to understand the behavior of
an ensemble of spins in a similar manner (Fig. 5-12): during SRPT, there is a moment that the ensemble of
spins remain in an energetically unstable state. If there was a THz magnetic field applied at this instance, the
free energy curve is shifted to either direction and thus, spins are be left in the middle of the slope at the
moment of transition: therefore, the system starts “rolling down” the slope towards the direction of the THz
field. As long as the THz field lasts for longer than the time it takes for M, to move sufficiently away from
the original position, M, keeps moving in the same direction, resulting in the final states aligned in +c- or —c-

directions.

90



53

Mechanism of domain creation by THz magnetic fields

—_ T T
(a) 9
o 90
=]
§ 85
2
g 80
)
F
+z (+cC)
1.57084
Minimum position
~ 1.57082}F
=
E | Al
%D 157080~ “"~.. % ()
: l
< 157078}
Heating pulse . .
157076 M. (with heating) i
1 1 I 1 -z (-c)
230 235 240 245
Time [ps]
(b)
t=228ps t=233ps t=235ps
i . "
z(-)—— X‘ga) — +2(+¢) {
t = 236ps t = 238ps t = 240ps
L -~ e | L
i / /
) ‘ L
t=241ps t=242ps t = 243ps
/ Ax}_i\ - ‘XE“\ /_@“ *ﬂ\

Figure 5-11: (a) Simulated positions of M, angle of free energy minima (red) and maxima (black dashed), and incident THz
magnetic field (green dotted) plotted as a function of time. The corresponding temperature is also indicated on the top graph.
(b) The free energy curves, positions of M: (blue circle), free energy minima (red vertical cross) and maxima (black cross)
around the time of transition from downward- to upward-convex parabola. Directions of magnetic fields are also indicated.
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Figure 5-12: Schematic of the mechanism of macroscopic domain alignment by THz magnetic fields.
(@) The case of Hruz = 0, and (b) Hrnz # 0.

A simplified overview of the abovementioned process of THz magnetic field-induced magnetization
alignment is summarized in Figure 5-12. When Hry; = 0 (a), the maxima of the potential formed immediately
after heating is at the origin (a-axis), which coincides the direction of the equilibrium direction of spin
ensemble. As time progresses, the magnetic moments at each sides of the free-energy peak rotates towards
the directions they were initially pointed. This only leaves the final state with equal amount of +c and —
domains, unless there was a population shift towards either direction caused by the precession motion in
advance to the irradiation of heating pulse. However, if Hry, # 0 as shown in (b), although the equilibrium
direction of the magnetization itself remains fixed near the original a-axis, the free-energy maxima are formed
in a point that is slightly shifted from the origin by the magnetic field. From (eq. 2-1), the amount of this shift
is estimated to be ~ Hrw sinp/4cos2B(Ax-Az). Due to this shift of free energy curve relative to the average
position of spin ensemble, the “division points” of the spin ensemble (NOT the population weight) upon SRPT

is shifted and thus, larger portion of the spins rotates towards the direction of magnetic field.

As mentioned previously in section 4.4.6, the mechanism revealed here cannot be verified if only the static
magnetic field was used. Application of static magnetic field shifts the free energy maxima at the time of
phase transition for sure, however, it also causes the initial equilibrium direction of spin ensemble to shift into
the same direction. Therefore, the static magnetic field cannot create the condition wherein the magnetization
is fixed at the origin and only the potential is shifted relative to it, as is readily achievable using the alternating
magnetic fields of THz metamaterials.
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5.4 Chapter Summary

In this chapter, we presented a numerical calculation of the spin dynamics based on a standard model using
free energy of 2-spin system along with the LLG equation, in order to resolve the question raised from the
experiment conducted in the previous chapter as to why the application of THz magnetic field can create
macroscopically aligned magnetization states in the SRPT process without causing the population shift of the
spin ensemble.

Through calculation with realistic parameters, we showed that most of the behaviors observed in the
experiments, including the abovementioned phenomenon, can be understood within the framework of this
model. Close examination of the transient free-energy curves and the time evolution of the magnetization
indicated that instantaneous shift of the free energy curve relative to the original equilibrium direction of
magnetization caused by the THz magnetic field is essential. Due to this change of free energy curve the
division point for spin ensemble upon SRPT is shifted with respect to the original direction, resulting in the
modulation of the portion of magnetic moments that rotate into the opposite final states. Such mechanism
cannot be revealed if only the static magnetic field was used, and was realized for the first time owing to the
usage of ultrafast alternating THz magnetic field produced by SRR.

It is worth mentioning that the time required for the determination of SRPT direction in the above process
does not depend on the frequency of spin precession before irradiation of heating pulse. This indicates that it
may be possible to generate macroscopically oriented magnetization states by using THz magnetic fields
within a timescale much shorter than the precession itself, as long as the reshaping of free energy curve due

to heating occurs fast enough.
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Chapter 6: Conclusion

6.1 Summary

In this Thesis, we investigated the dynamical behavior of the magnetic order in erbium orthoferrite ErFeOs
induced by the THz magnetic fields enhanced by a metallic structure. As mentioned in the Introduction part,
ultrafast and nonthermal properties of the THz magnetic field have been so far successfully applied to probe
magnetic dynamics of various materials. In previous studies, however, perturbation caused by THz magnetic
fields applied on the spin systems have been limited to cause only tiny fluctuations, in contrast to the usage
of THz electric fields which have been shown to be capable of not only probing but also causing a drastic
change in the electronic states of condensed matter system.

In order to realize macroscopic THz-magnetic control of the spin order, we focused on a magnetic field-
sensitive ultrafast process that takes place in ErFeOs, i.e., laser-induced spin reorientation phase transition
(SRPT). Furthermore, we introduced an intense THz light source along with the near-field enhancement effect
in subwavelength metallic structure called split-ring resonator (SRR). By combining these concepts, we

showed that:

M The SRR structure is actually capable of enhancing the spin precession amplitude by nearly an
order of magnitude through resonant coupling.

and

(i) Using such enhanced nearfield, it is possible to control the macroscopic magnetic order by

applying it on the initial process of SRPT in ErFeOs.

In Chapter 3 the abovementioned result (i) was obtained. Here we investigated the basic characteristic of the
spin dynamics excited by the THz magnetic fields in SRR. We fabricated on the ErFeOs single crystal surface
the metallic SRR structure whose frequency was precisely designed to match that of the spin precession of
the ErFeOs substrate. By monitoring the transient Faraday rotation signals in the THz pump-optical probe

regime, it has been clearly observed that the amplitude of precession dynamics can be enhanced by
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approximately 8 times by using the resonant SRR fields, when the resonance frequencies of SRR and FM-
mode spin precession were matched with each other. Also, Comparison between the spin precession dynamics
with/without the SRR structure revealed that the lifetime of spin precession was shortened by the presence of
SRR structure. Through numerical calculation using the Landau-Lifshitz-Gilbert (LLG) equation, it was
revealed that there exist a mechanism of interactive energy transfer from the spin system to the SRR resonance
mediated by magnetic near field, which has a close resemblance to the so-called Purcell effect well known in

the study fields such as cavity-QED.

In the experiment performed in Chapter 4 the abovementioned subject (ii) was studied. Here we proposed
an experimental scheme to coherently control the macroscopic magnetic order using THz magnetic fields in
the laser-induced SRPT process. We irradiated the ErFeOs sample using two different pump pulses of the
optical heating pulse and the intense THz magnetic field enhanced by an SRR. Upon optical heat-induced
SRPT, macroscopic magnetization rotates by 90 degrees from M // a to M // £c. Under no external magnetic
fields, the probability of rotation towards these two opposite states are equal and the optical heating leaves no
net magnetization. However, by inducing the spin precession using THz magnetic field in advance to the
heating pulse, the symmetry of these two transition paths are broken and only one of the two final states could
be selected.

By changing the arrival times of heating pulse with respect to the THz pulse, it was clearly shown that the
direction of magnetization created after SRPT was coherently inverted, indicating that the THz-induced spin
precession can actually select the otherwise degenerated paths of SRPT towards up or down magnetization
states through coherent spin precession. Unlike the previous researches in which only one optical pump pulse
was used to simultaneously cause the heating and precession, our scheme of using two separate pumps enabled
us to clearly distinguish these two effects. The result suggests that the coherent spin precession is crucial in
the formation of macroscopic magnetization through SRPT.

We also showed that such process was induced actually the pure magnetic THz nearfield of the SRR, by
comparing the direction of created magnetization inside/outside of the SRR structure. At the two positions
whose lateral distance is approximately only 1/16 of the incident THz spot size, the resulted magnetization
direction was completely reversed. This implies that the usage of plasmonic structures enables the spatial
resolution of THz magnetization-control to greatly exceed the diffraction limit, which is an especially
important feature if similar techniques are to be implemented for device application in the future.

It was indicated through THz amplitude-dependence measurement that in proper conditions, the created
magnetization can be almost saturated uniformly in the heated area. Detailed analysis of the temperature-
dependence measurement showed that the amount of created magnetization in the final state is determined by
the balance between the instantaneous tilt of spins during precession, distribution width of the spin ensemble
and the static tilt around the SRPT temperature region.

Furthermore, close comparison of the original spin precession dynamics with the time profile of the created
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magnetization in the final state showed that even when the spin precession amplitude was sufficiently small,
a comparably large magnetization can be formed in the final state if THz magnetic field was simultaneously
present. This counterintuitive result cannot be explained within the previous framework where only the initial
tilt of magnetization from original axis selects the path of SRPT, and suggests another type of mechanism

determined by the magnetic field itself applied at the moment of SRPT.

In order to clarify the mechanism of the observed macroscopic magnetization formation process under THz
magnetic fields, in Chapter 5 we performed theoretical calculation of the spin dynamics based on LLG
equation and standard 2-spin free energy model. Here we showed that basic features observed in the
experiment can be qualitatively reproduced by the present model. By examining the temporal evolution of the
free energy curves after optical heating, it was revealed that the transient THz magnetic field applied at the
moment the sample temperature has reached the lower boundary of SRPT region T causes the shift of free
energy maxima relative to the average position of the spin ensemble, which leads to the modification of the
portion of spins to be rotated into opposite states upon subsequent SRPT and result in the alignment of
magnetization towards either direction. It was shown that when the spin precession amplitude is small, this
magnetic field-induced mechanism becomes the dominant cause of macroscopic magnetization formation. On
the contrary, when precession is large enough, the conventional mechanism of magnetization tilting was
shown to become dominant.

These calculation results showed that the instantaneous THz magnetic field itself actually is capable of
creating a macroscopically aligned magnetization when properly applied during SRPT process. As the speed
of such process is independent of the spin precession frequency before heating, this raises the possibility that
as long as the heating process occurs fast enough, by using the THz magnetic fields it may be possible to
create macroscopically magnetized state even within the duration period of the incident THz pulse, which is

typically around 1 ps or shorter.

6.2 Future prospects

Interesting applications can be foreseen in the usage of nearfield-coupling of the spin resonance and
metamaterials revealed in Chapter 3. The magnetooptical effects are currently applied in the polarization
devices such as isolator and circulator in the visible and microwave regions. Some materials (such as
SrFe12019 371 or &-Fe,03 [%61) are reported to be suitable in use for such devices in the THz frequency region
as well. On the other hand, in some of the recently invented metamaterial techniques, efficient polarization-
control devices (giant optical activity in chiral structure 83, for example) have been realized using non-
magnetic materials. By combining such artificial metamaterials with the THz spin systems, novel devices and

electromagnetic phenomenon such as ultra-compact THz isolator and circulator, “optical diode” [138],
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frequency-tunable electromagnetically induced transparency (EIT) %% and direct interconversion of magnon
to THz photon 19, etc. may be realized, which would greatly extend the scope of THz-polarization devices
in the Future. In order to realize such devices it is mandatory that we further understand the coupled behavior

of the spin- and structure resonances, to which we gave the first insight in the present Thesis.

As for the THz-control of macroscopic magnetization state, the advantage of using the THz magnetic field
for the spin control compared to other optical methods in the visible regions is that due to the small photon
energy, only the spin systems can be resonantly excited without causing thermal effects or unwanted electronic
transitions. Although our initial motivation of THz-control of macroscopic magnetization state has been
achieved in Chapter 4, strictly speaking, this was assisted by optical heating and was not the pure magnetic
control of the spin system. In that sense, it is more favorable to realize all-THz control of the macroscopic
state of spin system using higher THz field strengths.

Very recently, there has been rapid developments in the ultra-strong THz light sources. For example, the
quasi-CW THz source newly developed in [6] that exhibits peak THz amplitude of ~500 kV/cm and duration
of several nanoseconds is suited for effectively exciting sharp resonant lines of elementary excitations in the
THz region such as spin resonance studied in this Thesis. As another example of ultra-strong THz light source,
the quasi half-cycle THz pulse that reaches peak electric field amplitude of ~80 MV/cm has been reported
using the optical rectification in organic crystals [’ Combining such intense THz sources with the method
of SRR-enhancement realized in Chapter 3 may enable the spin precession amplitude to reach an even higher
level of nonlinear regime and, ultimately, magnetization reversal. To repeat, in order to avoid unwanted
electronic excitations, it is mandatory to selectively enhance only the magnetic field of THz waves. The

nearfield techniques such as proposed in the present Thesis are the best suited solution for this purpose.

The spin precession can be viewed as the propagating wave of angular momentum, or spin currents [1321,
While the present operation speed of the spintronics devices are limited to around 10 GHz by the conventional
electronics technology, usage of the THz fields will greatly increase this frequency limit to several hundreds
to thousands of GHz. The abovementioned nonlinear dynamics of magnetization induced by the all-THz
magnetic fields is expected to realize an unprecedented, completely non-thermal ultrafast spintronics devices
based on the interconversion between spin- and electronic current in future, such as magnetic memory devices
1611, THz detector based on inverse spin-Hall effects (13311341 THz nano spin torque oscillator 33 and ultrafast
spin transistor [136] etc. Although the diffraction limit may restrict the spatial resolution in such devices, the

nearfield/metamaterial techniques have the potential to break this barrier by orders of magnitude.
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Appendix: Relation between the s-

and m-parameters

In Chapter 3 we introduced the interactive coupling between SRR and spin resonances in terms of

independent parameters s and m, which are the coefficients that correspond to the spin excitation by SRR

magnetic field and SRR excitation by spin precession due to electromotive force, respectively. In this section,

we analytically derive the relation between these coefficients.

The procedure is as follows: first, we write down the Hamiltonian that describes non-interacting systems

including SRR and spin. Next, we add an interaction term between them in the Hamiltonian. Lastly, the

equation of motions for both systems are derived using the new Hamiltonian. The interaction term of

Hamiltonian gives rise to the driving force-term in each systems. By comparing these terms with s- and m-

parameters, the analytical relation between them can be deduced.

[Al. Hamiltonian of SRR and spin systems without interaction]

We start from writing down the Hamiltonian that describes the SRR and spin systems. For simplicity, we

neglect damping terms (R = 0, a = 0). The external forces are also neglected (Hrn; = 0, Ethz = 0). Then,

equations (3-1) to (3-4) can be deduced into the following sets of equations:

(1) 1 dMy, (0 (eq. A1)
L a2 + Cl(t) =m i
dM
== —YM x H,, (eq. A2)

If we neglect the interaction terms (s = m = 0), they reduce to:

(a1 1. (eq. A.3)
{L 1 +Cl(t) =0

dM

- —YM X H, (eq. A4)

Where Ho = Hox. The Hamiltonian of each system can be expressed as follows:
_QLP (eq. A.5)

eg. A.6

:}{spin =—-yM-H, ( a )

Where Q and | are the charge in the capacitor and current in the coil, respectively.

Eg. A.5 can be rewritten in terms of conjugate parameters Q (conjugate coordinate) and P (conjugate

momenta) that satisfy Hamilton’s relations:
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Q= +—5- =1
P _ aj{SRR _ _2
- aQ ~ C (eq. A.8)

In order for these equations to stand, P = LI must stand. Therefore, eq. A.5 becomes:
Q* pP? (eq. A.9)
20 2L (eq. A10)
Hopin = =¥M - Ho L
It should be noticed that Q and P are connected with each other through the following commutation relation:

[Q,P] =i (eq. A.11)

Using A.11, from Heisenberg equation of motion we can reproduce the original equation of motion:

2

(eq. A.12)

Q = _i[Q'}[SRR] =-—i [Q:Z = L

L Lk
B L L

I, @°
l[P,—
2c] _ @
=1 - "I¢ (eq. A.13)

Which is equivalent to eq. A.3. In a similar manner, the equation of motion for the spin system can be
reproduced from eq. A.10 using Heisenberg equation and commutation relations.

As the total Hamiltonian of the system, so far we get:

QZ PZ
Heot = Hsgr + Hopin = e + CTA yM-H, (eq. A.14)

Where P = LI.

[A2. Inclusion of interaction term into total Hamiltonian]
As the second step, we include in the total Hamiltonian eq. A.14 a term that describes interactive energy

transfer between them. As the simplest form of interaction, we can suppose:

Hine = —kM,P = —kM,LI, (eg. A.15)

which means that the magnetic field produced by the current | inductively interacts with the magnetic dipole

moment M; of the spin system. The total Hamiltonian including the above interaction then becomes:

2 PZ
}[tot = }[SRR + }[spin + }[int = f + i - ]/M . HO - kMZP (eq A16)
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[A3. Retrieving s and m from the new Hamiltonian]

Next, we reproduce the equations of motion for both the SRR and spin systems from the new Hamiltonian

A.16 using Heisenberg equation and commutation relations.

()Equation of motion of the SRR system

Equation of motion for Q is given as:

2
0 = —i[Q,H,,.] = —i [Q,%] —i[Q,kM,P] = g + kM, (eq. A.17)

«P=L(Q—kM,)=L(—kM,) (eq. A.18)

’ tot ’ ZC ZC ’ C ' '

Here, from A.18,
b= 1(0 — k) (eq. A.20)
Combining this with eq. A.19, we can get:

Q_
c

. 0 .
> L+~ LkM, =0

LO + LkM, =0

.o ..

which is equivalent to the original equation of motion eq. A.1, if m = KL.

(ii)Equation of mation of the spin system
The commutation relations for spin are [Mx, My] = iM;, [My, M;] = iMy, and [M;, My] = iMy. Using this,

Mx = _i[Mx!}[tot] = _V(M X HO)x + i[Mx'kMzP] = _V(M X HO)x + kMyP
0
Hy+{ 0 (eq. A.22)
kp/ 1),
M, = —i[M,, H | = —y(M x H,), + i[M,, kM,P] = —y(M x H,), — kM,P

= —
0

Hy+1| 0o

kP
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Mz = _i[Mz'Htot] = _Y(M X Ho)z = _yiM X

H, + ( 8 >l} (eq. A.24)
kp/ 1),

. kP
“M=- MX(H +—A)
14 0T ? (eq. A.25)

It can be seen that the coupling term (A. 15) previously introduced acts on the spin system as an effective

magnetic field. Inserting eq. A.18 into A.25,
. k
2 M= —yM X (HO o= kMZ)2> (eq. A.26)

If we assume that the interaction is weak (k << 1), we can neglect the last term which is quadratic to k (k?M/y).
Then, eq. A.26 is equivalent to the original equation of motion A.2-A.3, wheres=k/ .

To summarize, coupling constant s and m can be derived from single parameter k from the following relations:

k
s=- eq. A.27
” (eq )
m = kL (eq. A.28)

Thus, it was analytically proved that the coupling parameters m and s are not independent of each other.

[Remark]

The last term in eq. A.26 that we neglected is antiparallel to the magnetic moment M;, which can be regarded
as a kind of demagnetizing field. It is interesting to note that in conventional ferromagnetic resonance,
demagnetizing field strongly modifies the trajectory of the spin precession into an elliptical one. During such
elliptic motion, it is known that a strong second harmonic signal can be generated (SHG) along the direction
of magnetic moment. This suggests that the usage of metamaterials may enable the nonlinearity of spin

dynamics to be enhanced if electromagnetic coupling was strong enough (k >> 1).
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