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Abstract

Ever since the discovery of the high-temperature cuprate superconductors,
tremendous research has been performed to uncover the mechanism of su-
perconductivity. Nevertheless, their unusual physical properties are long-
standing mysteries in condensed matter physics.

One of the intriguing phenomena in cuprate superconductors is the su-
perconducting fluctuations. To understand how the Cooper pairs emerge
from the complex metallic state, various experiments have been performed to
elucidate the onset temperature of the superconducting fluctuations. Never-
theless, the reported onset temperatures depend on experimental techniques,
and a unified understanding of the onset of superconducting fluctuations is
still lacking. Thus, a novel approach that can sensitively probe the super-
conducting order parameter has been desired.

Another remarkable phenomenon is the photo-induced superconductivity,
recently reported in various types of cuprate superconductors. It has been
reported that a Josephson plasma resonance (JPR)-like response emerges in
the c-axis reflectivity and concomitantly the imaginary part of the optical
conductivity o9(w) exhibits the 1/w-like response after the irradiation of an
intense laser pulse even at temperatures far above the superconducting crit-
ical temperature (7;), and interpreted as photo-induced superconductivity.
However, in principle, there remains an ambiguity that one cannot distin-
guish the 1/w-response of the superconductivity and the Drude response of
the quasiparticle (QP) excitation with a low scattering rate in the measured
terahertz (THz) frequency range. Since the photo-induced 1/w-like response
in the o9(w) spectrum disappears in a few picoseconds, it cannot be investi-
gated by resistivity or magnetic susceptibility measurements. Therefore, an
alternative ultrafast probe of the superconducting order parameter has been
required.

In this study, we have investigated the superconducting fluctuations and
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the photo-induced nonequilibrium superconductivity via the THz nonlinear
optical responses caused by the collective excitation of the superconducting
order parameter in high-T, cuprate superconductors: the Higgs mode and
JPR, which directly reflect the development of the superconducting order
parameter within a picosecond time resolution.

First, we have investigated the Higgs-mode response through the THz
Kerr effect in BigSroCaCuyOg,,, (BSCCO) thin films utilizing the THz pump-
optical probe spectroscopy. In the THz Kerr signal, two onset temperatures
are identified. Combining the results of single-crystalline samples, we have
found that the lower one (77™°) is slightly above T¢, whereas the higher one
(T9") is located substantially higher than T,. 77 coincides with that of
the superfluid density evaluated from the THz optical conductivity measure-
ments, indicating the the superconducting phase fluctuation on the picosec-
ond time scale evolves from slightly above T., while the static superconduct-
ing phase coherence develops below T.. On the other hand, the coincidence
between 75" and the superconducting gap opening temperature in the pre-
vious studies for BSCCO suggests that 75" is associated with the preformed
Cooper pairs.

Next, we have applied the THz nonlinear optical responses to elucidate
the photo-induced nonequilibrium state in cuprate superconductors. To this
end, we have started from the optical pump-THz probe spectroscopy for an
underdoped YBayCu3Og4, (YBCO). We have indeed observed the photo-
induced 1/w-like increase in the imaginary part of the c-axis optical conduc-
tivity above T, consistent with the previous studies. However, the a-axis
THz reflectivity is shown to decrease upon the photo-excitation, which is
against the interpretation of the photo-induced superconductivity.

The observed prompt optical conductivity in YBCO is further examined
by the Higgs-mode response by THz pump-optical probe spectroscopy. We
have identified the THz-pulse driven Higgs mode and the superconducting
QP excitation below T in the THz-pump induced optical reflectivity change
AR/R. When the sample is irradiated with near-infrared (NIR) pump pulse
below T, the Higgs-mode and QP responses are suppressed, which agrees
with the photo-induced destruction of the superconductivity. Above T, nei-
ther the Higgs mode nor the QP responses are observed in AR/ R, indicating
that it is unlikely to attribute the photo-induced state above T. to the su-
perconducting phase.

To further examine the photo-induced state above T,, we have studied
the THz third-harmonic generation (THG) caused by the nonlinear c-axis
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Josephson current. Using a narrowband THz-pulse, we have observed the
THG in the reflected THz electric field from YBCO below T,. Besides, we
have performed the NIR pump-THG probe experiments and shown that the
THG intensity below T. decreases after photo-excitation, consistent with the
results of the Higgs mode-response. At 100 K, the THG is not identified
either in equilibrium or in the photo-induced state.

Therefore, we have concluded that the optically-induced increase in the
imaginary part of the c-axis optical conductivity is attributed to the QP
excitation but not to the photo-induced superconductivity. Since the tem-
perature range where the characteristic c-axis transient optical conductiv-
ity appears coincides with the pseudogap temperature region, the observed
nonequilibrium response is most likely attributed to the QP excitation cor-
related with the pseudogap phase. Even though the photo-induced state
is not ascribed to the superconductivity, it is highly intriguing that coher-
ent QPs with the scattering rate as low as a few THz appear under the
photo-excitation in the pseudogap phase, considering the incoherent c-axis
transport in equilibrium. This result would provide an important clue to
understanding the pseudogap phase.

Notably, the THz nonlinear responses demonstrated here would also pro-
vide access to the study of the dynamical interplay between the supercon-
ductivity and other competing or coexisting orders in unconventional su-
perconductors (beyond the BCS framework) though the observation of the
collective modes arising from those orders in the time domain. Furthermore,
being an ultrafast probe of the superconducting order parameter, these THz
nonlinear responses would lay the foundation to explore the nonequilibrium
superconductivity in a wide variety of unconventional superconductors.
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Chapter 1

Introduction

1.1 Background

Superconductivity was initially discovered by Onnes in 1911, in mercury
[M]. Subsequently, various elemental superconductors had been reported, and
their superconducting properties were successfully explained by the Bardeen-
Cooper-Schrieffer (BCS) theory [2]. In 1986, Bednorz and Miiller discovered
high-temperature superconductivity in a cuprate Las_,Ba,CuO,4 (LBCO) [3].
Since their physical properties are beyond the framework of the BCS theory,
they are classified as “unconventional superconductors.” A typical example is
that the superconducting gap in the cuprate superconductors shows a d-wave
symmetry [4], while that of the BCS superconductors has an isotropic s-wave
symmetry. Though tremendous researches have been performed on cuprate
superconductors, their unusual physical properties compared to the BCS
superconductors are long-standing mysteries in condensed matter physics as
described below.

1.1.1 Phase diagram of cuprate superconductors

Figure [=0(a) illustrates the phase diagram of the hole-doped cuprate su-
perconductors [B,6]. The non-doped cuprate, which is often called parent
compound, is an antiferromagnetic Mott insulator. With increasing the hole
concentration p in the CuO, plane [Fig. [=1(b)] of the parent compound, the
antiferromagnetic order is suppressed and the superconductivity emerges for
p > 0.05. The superconducting transition temperature 7. shows a dome-like
structure as a function of p. The hole doping which gives the highest su-
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Figure 1-1: (a) Schematic phase diagram of the hole-doped cuprate super-
conductors. (b) The crystal structure of the CuO;y planes. (c) Schematic
illustration of the Fermi surface in the momentum space.

perconducting transition temperature 7t (p ~ 0.16) is referred to as optimal
doping. The lower (p < 0.16) and higher (p > 0.16) hole dopings are called
underdoping and overdoping, respectively.

In the heavily overdoped (OD) region with p > 0.2, the normal state
of the compounds is referred to as the Fermi liquid phase. The quantum
oscillation measurement demonstrates a presence of a well-developed Fermi
surface, which is well described by the Fermi-liquid theory [[7]. One of the
most prominent features of the Fermi liquid phase is that the in-plane resis-
tivity follows the squared temperature 72 above T, [8]. On the other hand,
as the doping is lowered, the in-plane resistivity scales linearly with 7" and
cannot be described by the Fermi liquid theory. Thus, this region is referred
to as the strange metal phase [6,8]. In some studies, the T-linear resistivity
behavior has been associated with the critical fluctuations at the vicinity of
a quantum critical point of the pseudogap (the point where the pseudogap
ends at 7= 0) [§,d].
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1.1.2 Pseudogap

The underdoped (UD) region is characterized by the pseudogap state. The
pseudogap was initially identified in YBayCu3Og, (YBCO) by the nuclear
magnetic resonance (NMR): the Knit shift and spin-lattice relaxation rate
decrease from a characteristic temperature 7™ with decreasing temperature,
indicating the presence of the energy gap for spin excitations, and the sup-
pression of the density of states around the Fermi energy [I0]. Subsequently,
anomalies at T, < T < T™ have been observed by various experimental tech-
niques such as transport, specific heat, tunneling spectroscopy, and c-axis
polarized infrared optical conductivity [IT].

The structure of the pseudogap in momentum space was revealed by
angle-resolved photoemission spectroscopy (ARPES) [I2-14]. Figure I=1(c)
illustrates the schematic of the Fermi surface. The pseudogap opens around
the antinode of the Fermi surface, and the ungapped Fermi arc emerges
around the node. It has been well established by various measurements
that both the pseudogap opening temperature and the pseudogap energy
increase toward UD region [[1]. In the last decade, extensive evidences of
the electronic symmetry breaking (nematicity) at or below 7% have been
reported [I5-22], and thus pseudogap is associated with the nematicity [20-
22]. Meanwhile, other candidates of the pseudogap have been proposed such
as the density wave [23] or precursor of the superconductivity [6], and the
origin of the pseudogap remains elusive.

1.1.3 Superconducting fluctuations

Superconducting fluctuations have been extensively studied over decades to
unveil the Cooper pairing above the superconducting transition temperature
T. [24]. To this end, various experimental approaches have been performed:
terahertz (THz) [25-28] and microwave spectroscopy [29-81], infrared spec-
troscopy [32-34], Nernst measurement [35,36], torque magnetometry [37-40],
scanning tunneling microscopy (STM) [A1], ARPES [@2-45], and ultrafast
pump-probe spectroscopy [A6-49]. Most of these experiments have investi-
gated the onset temperature of the superconducting fluctuations (75,s) to
understand how the superconducting coherence emerges from the complex
metallic state. Nevertheless, the reported onset temperatures depend on
experimental techniques, and a unified framework for the onset of supercon-
ducting fluctuations is still lacking.
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For instance, in the previous THz and microwave spectroscopy measure-
ments, the onset temperature T,,s has been discerned at most 10-20 K
above T, in various cuprate superconductors [25-81]. On the other hand,
the Nernst, ARPES, and infrared spectroscopy measurements have identified
much higher temperatures of Ty, up to 50-100 K above T, [B2-36, 42-48].
However, the Nernst signal was shown to be enhanced by the stripe order,
and its origin is still an open question [60]. Therefore, an alternative method
that can sensitively probe the superconducting order parameter has been
required.

1.1.4 Photo-induced superconductivity

Recently, light control of the superconductivity using ultrashort laser pulses
has attracted a great interest to reveal the Cooper pairing in the cuprate
superconductors [51]. One of the most intriguing nonequilibrium phenomena
is the so-called light-induced superconductivity. The light-induced supercon-
ductivity was initially reported in the stripe-ordered Lay g75FEu0.2510.125CuOy4
[62]. Upon photo-excitation with a mid-infrared pulse, the induced c-axis
THz reflectivity change displayed a shoulder-like structure around 60 cm™*
as shown in Fig. I=2(a), which resembled the equilibrium c-axis Josephson
plasma resonance (JPR). Furthermore, in the imaginary part of the optical
conductivity o9(w) presented in Fig. [=2A(b), 1/w-like response was iden-
tified, similar to the equilibrium response of the superconductors. These
results were interpreted as evidence of the photo-induced superconductivity
by melting the stripe order that competes with superconductivity.

Eventually, similar superconducting-like c-axis THz responses were identi-
fied in underdoped YBay;Cuz0¢+, (YBCO) [53-56]. Since the photo-induced
change in o9(w) was the largest when the pump-frequency was tuned to the
phonon-frequency of 20 THz (~ 15 pm in wavelength), it was interpreted
that the nonlinear phonon excitation realized the crystal structure which is
favorable for the superconductivity. However, it was pointed out that one
could not distinguish the 1/w-like response of the superconductivity and the
Drude response of the quasiparticle excitation with a low scattering rate in
the limited THz measurement frequency range [67]. As the transient oq(w)
relaxes in a few picoseconds, it cannot be studied by the resistivity or mag-
netic susceptibility. Therefore, a novel ultrafast probe of the superconducting
order parameter has been called for.
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Figure 1-2: (a) Transient c-axis reflectivity change of Laj g75Eu0.2Sr0.1205CuQOy
at 10 K with the pump wavelength of 16 ym. (b) Transient imaginary part

of the optical conductivity. 7 denotes the pump-probe delay time. Figures
are adopted from Ref. [52].

1.2 Purpose

To explore the superconducting order parameter in cuprate superconductors
in both equilibrium and nonequilibrium, we focus on the THz nonlinear re-
sponses arising from the collective excitations of the superconducting order
parameter: the Higgs mode and JPR, which directly manifest the devel-
opment of the superconducting order parameter within a picosecond time
resolution. In this thesis, the following two main subjects are investigated.

(1) To elucidate the onset temperature of the superconducting fluctuations,
we investigate the Higgs-mode response in BisSroCaCusOg,, thin films
by THz pump-optical probe spectroscopy (TPOP).

(2) We study the photo-induced nonequilibrium state in underdoped
YBCO single crystals via the THz nonlinear responses of the Higgs
mode and JPR to clarify whether the light-induced superconducting-
like state is actually the superconductivity or not. First, the photo-
induced c-axis THz response of YBCO is studied by optical pump-THz
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probe spectroscopy. Secondly, we explore the photo-induced nonequi-
librium state in YBCO through the observation of the Higgs mode
by THz pump-optical probe spectroscopy. Furthermore, the photo-
induced nonequilibrium state in YBCO is examined by the THz third-
harmonic generation associated with the JPR.

1.3 Dissertation structure

This dissertation is structured as follows:

Chapter 2 reviews the basics of the Higgs mode and JPR. The THz non-
linear responses caused by these collective excitations are also summarized.

In Chapter 3, we explain the experimental techniques, e.g., THz-pulse
generation and detection methods, principles of the THz-time domain spec-
troscopy, and the mid-infrared pulse generation method combined with the
optical parametric amplifier.

The results of the THz pump-optical probe spectroscopy in BSCCO thin
films are presented in Chapter 4. The relation between the Higgs-mode
response and the superconducting fluctuations in cuprate is discussed.

Chapter 5 describes the results of the optical pump-THz probe spec-
troscopy in a YBCO single crystal.

In Chapter 6, we report the results of the photo-induced nonequilibrium
state in YBCO samples investigated by the THz-pulse-driven Higgs mode.

Chapter 7 shows the observation of the THG associated with the Joseph-
son current in the YBCO single crystal. Besides, the results of the THG with
the photo-excitation is presented. At the end of Chapter 7, we discuss the
origin of the photo-induced c-axis response combining the results of Chapters
5 and 6.

Finally, our conclusions and the outlook for the relevant studies are sum-
marized in Chapter 8.



Chapter 2

Background

In this chapter, we describe the two types of collective excitations of the
superconducting order parameter: the Higgs mode and Josephson plasma
resonance (JPR). We also review the nonlinear terahertz (THz) optical re-
sponses arising from these collective excitations.

2.1 Higgs mode in superconductors

2.1.1 Collective modes in a symmetry broken system

Phase transitions can be described in terms of a spontaneous symmetry
breaking and a concomitant order parameter. When continuous symmetry is
spontaneously broken, two types of collective modes generally emerge: ampli-
tude and phase fluctuations of the order parameter, which are schematically
depicted in Fig. B=0(a). In general, the amplitude mode is massive, whereas
the phase mode, which is also referred to as Nambu-Goldstone (NG) mode,
is massless [6b862]. This is because the potential curvature as a function of
the complex order parameter ¥ along the radial direction is finite while that
along the azimuthal direction is zero, as shown in Fig. P=1(a).

In the case of superconductors, where the order parameter couples to the
gauge field, the amplitude mode is special compared to the other symmetry-
broken systems. The massless phase mode is screened by long-range Coulomb
interactions and is lifted up to the plasma frequency w, due to the Anderson-
Higgs mechanism as schematically illustrated in Fig. P=1(b) [59-61, 63-65].

The Ginzburg-Landau (GL) theory offers a simple description of the cou-
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Figure 2-1: (a) A schematic illustration of the Higgs mode (red arrow) and
NG mode (blue arrow) represented by the GL free energy potential as a
function of complex order parameter ¥. (b) A schematic picture of the energy
of the two collective modes and a quasiparticle excitation in a superconductor
with the Anderson-Higgs mechanism.

pling between the Higgs mode and gauge field. Based on the GL theory, the
free energy density of the system under the presence of the vector potential
A(r) can be generally expanded in terms of the complex order parameter
U(r) [66,67] as

F) = fo b alU)P + RO+ 5 (iRY — AP, (21)

where a = ao(T — T¢) (ap > 0), ap and b are some constants (b > 0), e* and
m* are the effective charge and mass of the Cooper pair. At temperatures
T > T, f(r) is minimum when ¥(r) = 0. However, at T' < T, f(r) as a
function of ¥(r) shows a shape of a Mexican hat as displayed in Fig. 2=1(a).
U takes a finite value at the minimum of the free energy density f(r). After
the phase transition, the phase of ¥(r) is fixed at a specific point, which
means that the phase rotational symmetry is spontaneously broken in the
superconducting state.

The order parameter can be expanded around the ground state ¥, in
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terms of its amplitude and phase fluctuations as
U(r) = [V + H(r)]e?®, (2-2)

where H(r) is the amplitude fluctuation, and 0(r) is the phase fluctuation.
Then f(r) can be expanded to the second-order of the fluctuation as

6*2

f(x) = —2aH(r)* + 5—V(H(r))* +

2m* 2m*

1 2
{A(r) — e—*VQ(r)] . (2-3)
Under the unitary gauge transformation A(r) — A(r) + VO(r)/e*, we can
eliminate 6(r) in Eq. (2=3) as

V(HE)?+ VoA )2+

2m*

6*2\110

f(r) = —2aH(r)" + —

A(r)2H(r). (2-4)

2m*

The third term indicates that the electromagnetic field acquires mass
/€202 /2m* via the Anderson-Higgs mechanism. Equation (24) also shows
that the Higgs mode does not couple to the electromagnetic field in the lin-
ear response regime. However, in Eq.(2=2) there is a term A(r)?H (r) which
corresponds to the second-order coupling between the Higgs mode and the
electromagnetic wave. This nonlinear coupling plays a crucial role to observe
the Higgs mode as explained in the next subsection.

Unlike the nonlinear coupling between the Higgs mode and the electro-
magnetic wave, the Higgs mode has been anticipated to appear in the nona-
diabatic excitation condition [6R-73]. The nonadiabatic excitation condition
requires that the order parameter changes faster than the response time of
the BCS state ~ h/A. In addition, the photon energy of the excitation pulse
should be close to 2A to avoid the excess heating of the system, which re-
sults in the destruction of the superconducting condensate. These conditions
are satisfied when a single-cycle short THz pulse is employed, whose photon
energy is close to 2A. In the following, the experimental observations of the
Higgs mode are reviewed.

2.1.2 Higgs mode in conventional superconductors

The experimental difficulty in observing the Higgs mode in superconductors is
that the Higgs mode does not couple to electromagnetic fields in the linear-
response regime because it does not have any electric charge nor dipole.
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While some exceptions are reported in the dichalcogenide compounds that
exhibit the charge-density wave (CDW) and superconductivity [74-79], for
decades, it has been considered that the Higgs mode cannot be detected by
light.

However, with the recent advances of intense THz-pulse generation tech-
niques [80,81], it has become possible to observe the Higgs mode by ultra-
fast pump-probe spectroscopy and THz third-harmonic generation (THG)
[66,67,82-87]. The observation of the Higgs mode has been first demonstrated
in an s-wave superconductor NbN by THz pump-THz probe spectroscopy as
shown in Fig. B=2(a) [82]. After the excitation with a single-cycle THz-pulse,
the oscillation of the order parameter is identified. Here, the role of the THz
pump-pulse is to excite the quasiparticles instantaneously at the gap edge
without giving excess energy to the system. The superconducting gap 2A is
self-consistently determined by the BCS gap equation:

A=V ol - 275 (2-5)

where V' is the pairing interaction, Fy = /€2 + A2, ¢ is the band dispersion
measured from Fermi energy, and f(Ey) is the Fermi distribution function.
The instantaneous injection of the quasiparticles by the THz pulse changes
the Fermi function, resulting in a nonadiabatic quench of 2A through Eq.
(2=3), and a free oscillation of the Higgs mode.

It has been further demonstrated that the Higgs mode couples nonlin-
early to the THz electromagnetic field [83]. Using a multi-cycle THz pulse,
the oscillation of the superconducting order parameter which follows the
squared THz electric field (E-field) has been observed as shown in Fig. B3
2(b). Besides, the THz THG mediated by this nonlinear coupling has also
been identified [83].  The temperature dependence of the THG intensity
displays a resonance when the incident THz frequency w satisfies the rela-
tion 2w = 2A, which is successfully explained by the Anderson pseudospin
model [88].

Subsequently, it has been theoretically pointed out that not only the Higgs
mode but also the charge density fluctuation (CDF), i.e., the quasiparticle
excitation contribute to the THG [8Y]. The important point is that the Higgs
mode does not depend on the polarization of the THz pulse, while the CDF
strongly depends on it. The polarization-resolved measurement has shown
that THG does not depend on the polarization of the incident THz pulse,
indicating that the THG is attributed to the Higgs mode [66].
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Figure 2-2: (a) Single-cycle THz pump-induced change in the THz probe-
induced E-field below T. [82]. (b) The waveform of the narrow band THz
E-field whose frequency is at 0.6 THz and that of its squared E-field. (c)
Narrow band THz pump-induced change in the THz probe-induced E-field
below T¢. Figures (b) and (c) are adopted from [R3].

In parallel, substantial theoretical progress has been made to understand
the observability of the Higgs mode in the nonlinear THz optical responses
[677,88-06]. It has been recently shown that the paramagnetic coupling of the
light-matter interaction plays a crucial role in the Higgs-mode contribution
to the nonlinear THz optical responses [93,96].

2.1.3 Higg mode in cuprate superconductors

More recently, we have observed the Higgs mode in the d-wave cuprate super-
conductor BiySroCaCuyOgy, (BSCCO) by THz pump-optical probe (TPOP)
spectroscopy in the reflection geometry (my master course study) [85]. As
shown in Fig. 2=3(a), the THz pump-induced reflectivity change AR/R dis-
plays oscillatory behavior that follows the squared pump THz E-field, which
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Figure 2-3: (a) THz pump-induced reflectivity change for optimally doped
BiySroCaCusOgi, (T = 90 K) at selected temperatures. (b) Temperature
dependencies of the A;, decaying component (blue), the A;, THz Kerr com-
ponent (red), and the By, THz Kerr component (green). Figures are adopted
from [85].

is referred to as the THz Kerr effect: the intense THz pump pulse modifies the
optical response of the near-infrared probe pulse. The polarization-resolved
measurements revel that AR/R is decomposed into the polarization indepen-
dent A, component and polarization dependent B, component. Both the
A, and By, THz Kerr components of AR/R increase below T as plotted in
Fig. 2=3(b), indicating their relevance to the superconductivity. It should be
noted that the A;;, and By, THz Kerr components show decreasing trends
approximately below 70 K and 40 K, respectively. These are because the THz
electric field which penetrates into the sample decreases as the temperature
is lowered. This effect is considered in this study, as we will describe in Chap-
ter 4. In addition, since the A;, decaying component switches its sign at Tt
and T [97], the positive decaying component below T, and negative decaying
component above T, are ascribed to the incoherent quasiparticle excitation
in the superconducting and pseudogap state, respectively. Mean-field calcu-
lations demonstrate that the A, THz Kerr component is attributed to the
Higgs mode of the d-wave superconducting order parameter, whereas the B,
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Figure 2-4: Crystal structures of (a) Bi;SroCaCuyOsy, and (b) YBagCuzOgyy
drawn by VESTA [08].

THz Kerr component most likely originates from the CDF [R5].
Subsequently, THG from cuprate superconductors has been reported in

other cuprate superconductors such as LSCO, YBayCu3Og4, (YBCO) and

DyBayCu3O7_, and interpreted in terms of Higgs mode-mediated THG [87].

2.2 Josephson plasma resonance (JPR)

2.2.1 General optical response above T

Figures 2=4(a) and (b) illustrate the crystal structures of BSCCO and YBCO,
respectively, which are investigated in this study. Cuprate superconductors
have a layered perovskite structure that is consisted of alternating conducting
CuO, planes (ab-plane) and insulating blocking layers along the c-axis. The
insulating layers provide charge carriers to the CuQOs layers.

The electronic anisotropy between the ab-plane and c-axis of the cuprate is
discerned in the optical responses. Figure P=3 shows the room-temperature
reflectivity of BSCCO [99]. While the b-axis reflectivity shows a Drude-
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Figure 2-5: Reflectivity of BisSroCaCusOg at room temperature for the b-axis
and the c-axis [99].

like metallic behavior, the c-axis reflectivity is insulator-like and very low.
Also, the c-axis reflectivity is governed by various phonons in the far-infrared
region. It should be noted that the normal state optical spectrum of cuprate
superconductors for a wide frequency range cannot be described by the simple
Drude model, and has been intensively studied [T00].

2.2.2 c-axis linear optical response below T

While the charge carrier dynamics along the c-axis is incoherent above T¢,
Cooper pairs can tunnel along the c-axis when the superconductivity sets in
due to the Josephson effect. As a consequence, a sharp plasma edge structure
appears in the c-axis reflectivity spectrum below T.. This plasma mode is
referred to as the Josephson plasma resonance (JPR), and corresponds to
the collective excitation of the superconducting phase along the c-axis..

In the simple case of the single layer cuprate such as Lay_,Sr,CuQy, the
dielectric function can be well described by the two-fluid model [[02]:

c(w) = 2 (1 S “—) , (2-6)

where w,, and w, are the plasma frequency of the Drude and superconduct-
ing components, respectively, and v is the scattering rate of the Drude com-
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Figure 2-6: (a) Schematic of the plasma modes of two inequivalent Josephson
junctions below T¢.. Two longitudinal modes (w;p; and wjpy) and a transverse
mode wr are illustrated. (b) The equilibrium c-axis optical properties for
underdoped YBCO (T, = 50 K) [63,101]. The data for low-frequency below
~ 80 cm™! are reported in Ref. [I01] and those for high-frequency above
~ 300 cm~ ! are reported in Ref. [b3]. Figures are adopted from Ref. [63].
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ponent. &, is the background dielectric constant and ¢, = 4.5 in cuprate
superconductors [[03].

In the case of bilayer cuprates such as YBCO and BSCCO (Bi2212), there
are two inequivalent Josephson junctions as schematically shown in Fig. 23
B(a). Usually, the thicker one is called “inter-bilayer” [the insulating layer 1
in Fig. P=8(a)| and the thinner one [the insulating layer 2 in Fig. 2=8(a)] is
called “intra-bilayer”. For two junctions 1 and 2, the dielectric function is
written as [104]

e(w) _ (w? — wip)) (W’ — wipy) (2-7)

b w(w? — w?)

Here, the Drude term is neglected for clarity. wyp; and wyps are the plasma
frequency of the superconducting components in the junctions 1 and 2. wr
is the plasma frequency of the transverse mode which satisfies

w% _ dowipy + dlwﬁpzy
dy + dy
where d; and ds are the thickness of the junctions 1 and 2, respectively.
Figure 2=6(b) displays the c-axis optical constants of underdoped YBCO
below T.. Two longitudinal JPRs appear as two peaks in the loss function
—TIm(1/e(w)) and two plasma edges on the reflectivity around 30 cm™! [the
green shaded area in the bottom panel in Fig. 2Z=8(b)] and 475 cm™! [the
red shaded area in the bottom panel in Fig. 2=8(b)]. Besides, the transverse
mode is identified as a broad peak around 400 cm~! in the real part of the
optical conductivity o;(w) (blue shaded area).

(2-8)

2.2.3 c-axis nonlinear optical response below 71.: THz
third-harmonic generation (THG)

As mentioned before, cuprate superconductors consist of the stack of the Cu-
O layer and insulating layer along the c-axis. In the superconducting state,
the Cooper pairs in each Cu-O layer can tunnel along the c-axis (Josephson
effect). The Josephson supercurrent /(t) is determined by the phase differ-
ence between two adjacent superconducting layers 6(t), and they satisfy the
Josephson relations [I05]:
00(t)  2ed
o TE(t), (2-9)
I(t) = 1.sin6(t), (2-10)
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Figure 2-7: (a)Reflectivity spectrum of LBCO (z = 9.5%) at 5 K below
T.. (b) Temperature dependence of the THG intensity. Figures are adopted
from [106].

where d is the distance between two superconducting layers, 2e is the Cooper
pair charge, and I, is the critical current. Assuming an incident THz E-field
of E(t) = Eysin(wrn,t) polarized along the c-axis, the time-dependent phase
follows 6(t) o 6y cos(wrn,t), where 6y = 2edEy/hwrn,. Using Eq. (2=10), the
THz pulse-induced current along the c-axis is written as

I(t) = I.sinf(t) = I.sin 6y cos(wrn,t)

g3
~ [, |6 cos(wrh,t) — Eocos3(wTHZt) . (2-11)

The second term in Eq. (E=Il) generates the third-harmonics of the incident
THz pulse.

The THG associated with the Josephson current has been recently ob-
served in La,_,Ba,CuO4 (LBCO) [I06]. As shown in Fig. 2=7(a), the THG is
observed in the THz reflectivity spectrum with an intense THz pulse, which
is absent in the equilibrium reflectivity. The temperature dependence of the
THG intensity follows that of the superfluid density as shown in Fig. 3
[@A(b), because the critical current /. is proportional to the superfluid density.
Therefore, the THG mediated by the Josephson current serves as a probe of
the c-axis superconducting phase coherence.






Chapter 3

Experimental techniques

In this chapter, the basic principles of the experiments are briefly reviewed.
First, the intense terahertz (THz) pulse generation and the THz pulse detec-
tion are explained. Second, the THz time-domain spectroscopy (THz-TDS)
is introduced. Finally, we explain the wavelength conversion technique for
near-infrared (NIR) and mid-infrared (MIR) pulses.

3.1 THz pulse generation and detection

3.1.1 THz pulse generation
Optical rectification

For the THz-pulse generation, the optical rectification method has been em-
ployed, which is the second-order nonlinear optical process [34,107]. When
a pulse laser is irradiated to nonlinear crystals (NCs) such as ZnTe, InAs, or
LiNbOs, the nonlinear polarization P® (¢) is induced, which can be expressed

) P = 3 x5 (D Ex(t), (3-1)

where 7 denotes the z,y, 2 components of the induced nonlinear polarization,
j and k denote those of the incoming electric field (E-field) F(t) and XEJQ;
is the second-order nonlinear susceptibility of the NC. This second-order
nonlinear polarization P (t) radiates the E-field which is given by

82

o @P@)(z&). (3-2)

E,aa(?)
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Since P (t) varies in the time scale of the optical pulse width, the emitted
E-field oscillates in the same time scale, whose frequency is located at THz
range when the optical pulse width is around 100 fs.

Tilted pulse front technique for an intense THz pulse generation

To generate an intense THz pulse enough to access the nonlinear optical
process in solids, LiNbOj is a promising candidate because it is known to
have a larger nonlinear optical coefficient for optical rectification of 168 pm/V
compared to that of GaP (24.8 pm/V) or ZnTe (68.5 pm/V) [I08]. However,
the mismatch between the group velocity of the optical pulse vizt and the
phase velocity of the THz pulse vy, inside LiNbO3 never satisfies the phase-
matching condition which is expressed as

Uglr)t = UTHz, (3—3)

making it difficult to generate an intense THz pulse in the collinear config-
uration. To circumvent this difficulty, the tilted pulse front technique was
proposed [80]. In the noncollinear configuration by tilting the optical pulse
front, the phase-matching condition of Eq. (B=3) is modified as

gr

UTHZ o nopt
gr T )

Uopt NTHz

(3-4)

cosy =

where ~ is the angle between the propagation directions of the optical and
THz pulses as defined in Fig. B=I. Since nry, = 5.16 and nf, = 2.23 for
LiNbOj3 [I0R], Eq. (B=2) is satisfied when v = 63°.

We combined a grating and two cylindrical lenses to tilt the optical pulse
front by the angle ~, as shown in Fig. B=1 [[09]. In this configuration, the
angle v can be described as

m)\optp

tany = (3-5)

er ’
Topt 61 COS ed

Here m, 6,;, and p are the diffraction order, the diffraction angle, and the
groove density of the grating, respectively. Ao is the central wavelength of
the pump pulse, and f; is the horizontal magnification factor of the cylindri-
cal lens for the pump pulse front. To obtain the optimal THz beam charac-
teristics and THz conversion efficiency, the tilt angle of the grating image
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THz pulse

Figure 3-1: Configuration for the intense THz pulse generation from LiNbOj3
crystal employing the tilted pulse front technique. CL denotes a cylindrical
lens.

inside the LiNbOj3 crystal 8 should be equal to 7. The tilt angle 6 is thus
given by
tan 6 = tany = nepy /2 tan O, (3-6)

where ngp¢ is the refractive index of the LiNbOj for the optical pulse and S,
is the horizontal magnification factor of the cylindrical lens for the grating
image.

In this study, the first-order diffraction of the pump pulse (m = 1) is used
for the wavelength A,y = 800 nm. The refractive index of LiNbO3 at 800 nm
is nepy = 2.16 [I08]. The groove density of the grating is p = 1800 mm™"
and the focal lengths of the lenses are f; = 250 mm and fo = 150 mm.
This means that f; = By = fo/f1 = 0.6. To satisfy both Eq. (8=3) and Eq.
(B8), we used 0; = 56.1°. The incident angle to the grating 6; is estimated
to be 6; = 37.6° through the following relation:

sind; + sin 6y = Aopip- (3-7)
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Figure 3-2: Configuration for the THz pulse-detection using EO sampling
method. NC, QWP, WP, and BD denote a nonlinear crystal, quarter-wave
plate, a Wollaston prism, and a balanced detector, respectively.

3.1.2 THz pulse detection

A THz E-field can be measured using an electro-optical (EO) sampling
method based on the Pockels effect [TT0]. The Pockels effect is a second-order
nonlinear optical effect where the refractive index of the NC is modulated in
proportion to the incident THz E-field. Thus, the THz E-field can be de-
termined by measuring the field-induced birefringence, which results in the
polarization-rotation of the optical pulse, often referred to as the gate pulse.
In this study, (110) oriented GaP or ZnTe crystals are used as a NC for the
THz pulse-detection. The principle of the EO sampling method is given in
Ref. [ITT] in detail, and the brief explanation is presented in the following.
A configuration of the THz pulse-detection is schematically shown in Fig.
B=2. Here the (x,y, z) coordinate system is defined as the principal-axis of the
NC where the z-direction is parallel to the [110] direction of the NC. In this
case, the field-induced birefringence is maximized when the THz and gate
E-fields are parallel to the [110] direction of a (110) oriented NC. Using the
(X,Y, Z) coordinate system, which is rotated 45° from the (z, y, z) coordinate



3.1 THz pulse generation and detection 25

system around z-axis as shown in Fig. B=2, the THz and gate F-fields can
be expressed as

1 1
Eru, E
i =2 -1]. (3-8)

Erg, = —— | 1|, Eo =
TH \/§ 0 0 \/5 0

In the (X,Y, Z) coordinate system, the refractive index of a NC with a THz
E-field Ery, can be described up to first-order in Ery, as

1 .

ny =ng— §n87“41ETHz = ng — An, (3-9)
1

ny = ng + §ngr41ETHZ =ng+ An, (3-10)

where ng is the refractive index of NC at the frequency of the gate pulse
(wp) without the THz pulse, r4; is the EO coefficient of the NC and An =
ngmlETHz. As a result, the linear polarization of the gate pulse evolves into
an elliptical polarization after propagating through the NC with the THz
pulse. The gate E-field after propagating through the NC (En¢) is given by

5 efiAnwod/c
Enc = -0 einowod/c _iAnwod/c | (3_11)

V2 0

Here, ¢ is the speed of light, and d is the thickness of the NC. The gate pulse

further propagates through the quarter-wave plate (QWP), whose fast axis

is parallel to X-axis (or Y-axis). Thus, the gate E-field evolves into
ei(—Anwod/c+7r/4)

Ey .
EQWP = 7% eZnoUJod/c _el(Anwod/c—ﬂ'/4) ) (3_12)
0

In the (z,y, 2) coordinate system, Eq. (B=I2) can be represented as
—i(1 + sin(Anwoed/c))

Ey .
Ezvz . 7 ginowod/c 1 — sin(Anwod/c) (3-13)
QWP 0
V2 0
EO ) _i(l + A¢/2)
~ . einowod/c 1 — A(b/Z , (3—14)

0
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where A¢ = 2Anwyd/c is assumed to be small (A¢p < 1). The intensities of
the two gate beams separated by the Wollaston prism are

L= D1+ A0/ = 1+ 20), (3-15)
I, = %(1 — A¢/2)? ~ %(1 — Ag). (3-16)

Here, Iy = €oFZ, and &g is the dielectric constant of vacuum. Finally, the
signal of the balanced detector Al can be expressed by

wodndr 2mdndr
Al =1, — I, = I,A¢ = [O%ETHZ = [OA—OMETHZ, (3-17)
0

where )\ is the wavelength of the gate pulse. Therefore, the THz E-field can
be determined from ATl as

Ao AT

Bryy, = ———o— =2
e 27Tdn87'41 ]0

(3-18)
The temporal waveform of the THz FE-field can be obtained by measuring
the THz E-field with changing the delay time between the THz pulse and
the gate pulse.

3.2 THz time-domain spectroscopy (THz-
TDS)

3.2.1 Experimental setup for THz-TDS

Figure B=3(a) depicts the setup for the THz-TDS measurement in transmis-
sion geometry. The output from the Ti:sapphire mode-locked laser (Coherent
Vitesse, the central wavelength of 800 nm, pulse duration of 100 fs, and rep-
etition rate of 80 MHz) is divided into two beams: one for the THz-pulse
generation using an InAs crystal in reflection geometry and the other for
the EO sampling in a ZnTe crystal. The obtained waveform and the power
spectrum of the THz E-field without a sample are displayed in Fig. B=3(b)
and (c), respectively.
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Figure 3-3: (a) Schematic representation of the THz-TDS setup in trans-

mission geometry.

BD, QWP, BS, PM, and DS are a balanced detector,

quarter-wave plate, beam splitter, parabolic mirror, and delay stage, respec-
tively. (b), (c) The waveform and the power spectrum of the THz E-field
measured at the Zn'Te position, respectively.
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3.2.2 Determination of optical constants in THz-TDS

Using the fast Fourier transform (FFT) of the waveform of the THz E-
field, the complex refractive index of a material in the frequency domain can
be determined in THz-TDS. Here, the procedure to determine the complex
optical constants is described in the cases of transmission geometry for thin
film samples and reflection geometry for bulk samples.

Transmission geometry

First, the refractive index of a thick film sample can be determined as follows.
The situation is schematically depicted in Fig. B=2(a). The transmitted THz
E-field after the sample E,y(w) is written in the frequency domain as
4dn(w)
(n(w) +1)?
Here, Ej,(w) is the incident THz E-field, and n(w) and d are the complex

refractive index and the thickness of the sample, respectively. On the other
hand, the THz E-field without the sample Eppni(w) is expressed as

Eout(w) = En(w) einwdw/e, (3-19)

Eolank(w) = Ein(w) e/, (3-20)
Using Eout(w) and Eppank(w), the complex transmittance is given by
Eou(w dn(w .
t(w) = W) _ @) eln(@)=ldw/c (3-21)

N Eblank<w) (TL((JJ) + 1)2

The complex refractive index n(w) can be obtained by numerically solving
Eq. (B=21) in terms of n(w) for each w.

Next, a thin film sample on a thick substrate is assumed as depicted in
Fig. B=4(b). In this case, the multiple reflections of the THz FE-field inside
the film should be considered as depicted in Fig. B=4(c), and the THz E-field
inside the thin film Ejg),(w) can be represented as

ing(w)drw/c X :
2l 2 () = (@) ng(@) =1 i ayre
T npw) g\ ng(w) +nywhng(w) +1

2einf(w)dfw/c 1

Eﬁlm(w) = Ei (w)

1+ nf(W) 1— nf(w) B ns(w)nf(w> —1 e2ing(w)dsw/c

(3-22)
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Figure 3-4: Schematic illustrations of the transmitted THz E-field for (a) a
thick sample, (b) blank, and (c) a thin film on a substrate.
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where ny) and dy) denote the refractive index and thickness of the thin
film (substrate), respectively. Then, the transmitted THz FE-field after the
substrate Fou(w) is written as

2ns(w) 2n4(w) pins(@)dsw/c
ng(w) + ng(w)ns(w) + 1
Since the blank THz FE-field Epunk(w) can be obtained by substituting
d = dy + d,into Eq. (B=20), the complex transmittance is given by
Eou(w) 8n g (w)ns(w)

Eptanc(@) (14 14(w))(n5(w) + na(w)) (s (w) + 1)
i(n (@)= 1)ds+(ns (@) = Jw/c

Eout (w> = Eﬁlm(w)

(3-23)

tw) =

(&

ny(w) = ns(w)ns(w) -
ny(w) +ng(w)ns(w) +1

(3-24)

e2ing(w)dsw/c

In the THz-TDS experiment, ns(w) is determined by measuring the THz
E-field for the substrate, the thin film on the substrate, and blank. Firstly,
using the THz FE-field for the substrate and blank, ng(w) is obtained from
Eq. (B=20). Secondly, using the obtained ng(w), the refractive index of the
thin film ny(w) is obtained by solving Eq. (B=24) in terms of ny(w).

Reflection geometry

For bulk samples, the complex refractive index can be determined by THz-
TDS in reflection geometry. The reflected THz E-field from the bulk sample
as illustrated in Fig. B=H(b) is represented by using the complex reflectivity

Thulk (W) as
Ebulk(w) = rbulk(w)Ein(w)7 (3‘25)

where Fji,(w) is the incident THz E-field. To obtain this incident THz E-field
Ein(w), the reflected THz E-field from a reference material is measured as
shown in Fig. B=H(a), which has a unity reflectivity at the THz frequency
range like a gold mirror. Since the reflected THz E-field from a reference can
be expressed as Eief(w) = —Fiy(w), the complex reflectivity is written as

By (w)

Tt (3-26)

Tbulk (W) = -
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(a) Reference (b) Bulk sample
Ein(w) Ein(w)
Eref(w) Ebulk(w) rbulk(w)

Figure 3-5: Schematic illustrations of the reflected THz E-field for (a) a
reference gold mirror and (b) a bulk sample.

Using thus obtained ry(w), the complex refractive index of the bulk sample
is simply given by

1 — rpu(w)

e Thulk (W) (327)

Nbulk (cu)

Dielectric function and optical conductivity

Once the complex refractive index of a sample n(w) is determined, the com-
plex dielectric constant e(w) and the complex optical conductivity o(w) can
be calculated by using the following relations:

e(w) = n(w)?, (3-28)
o(w) = —tggw(e(w) — &p). (3-29)

Here ¢, is the background dielectric constant of the sample.
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3.3 Wavelength conversion to near-infrared
and mid-infrared pulses

To perform the phonon-pumping experiment on YBasCu3Ogy, (YBCO), we
generated an intense MIR pulse by the difference frequency generation (DFG)
method using two NIR pulses obtained by the optical parametric amplifier
(OPA).

3.3.1 Optical parametric amplification (OPA)

The optical parametric amplification is one of the specific cases of the
DFG [107, 112, 013]. The principle of the optical parametric amplification
is as follows: when two beams are mixed in a suitable NC such as sapphire,
the pulse energy is transferred from a higher-frequency and higher-intensity
beam (pump beam, at the angular frequency w,) to a lower-frequency and
lower-intensity one (signal beam, at the angular frequency wg) which is thus
amplified. Besides, another beam (idler beam, at the angular frequency w;)
is generated as shown in Fig. B=G. These three beams satisfy energy conser-
vation as follows:

huw, = hw, + huw;. (3-30)

For the interaction to be efficient, they also satisfy the momentum conserva-
tion, which is called the phase-matching as

hk, = hk, + hk;, (3-31)

where k,, k;, and k; are the wave vectors of the pump, signal, and idler
beams, respectively.

To generate the MIR beam at the wavelength 15 um by the DFG of
signal and idler beams, the wavelengths of the signal and idler beams are set
to Ay = 1.52 pym and \; = 1.69 pm, respectively.

Phase-matching for OPA

When all the pump, signal, and idler beams are parallel (collinear geometry),
the phase-matching condition Eq. (B=31) can be rewritten as follows:

NpWp = NsWs + NiW;, (3-32)
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Figure 3-6: The energy diagram of the optical parametric amplification.

where n,, n,, and n; are the refractive indexes of a NC at the pump, signal,
and idler wavelength, respectively. It is clear that Eq. (8=32) cannot be sat-
isfied in isotropic bulk materials in the normal dispersion region. However,
in some birefringent crystals, Eq. (B=32) can be met by choosing the po-
larization of the pump beam, which gives the lower refractive index. There
are two types of phase-matching: type I phase-matching is the case where
both the signal and idler beams have the same polarization, while type II
phase-matching is the case where either the signal (os +e; — ¢,) or the idler
(es + 0; — €,) has the orthogonal polarization to the pump [I07].

The phase-matching condition is usually achieved by rotating the non-
linear crystal at 6,, from the optical axis. As an example, we consider the
case of a negative uniaxial crystal S-barium borate (BBO), whose refrac-
tive index from 0.7 pm to 3 pm is calculated using the Sellmeier equation
given in Ref. [IT4] and plotted in Fig. B=d(a). The type II phase-matching
(0s + €; — €,) is satisfied when

nep(em)wp = NopsWs + nei(em)wia (3—33)

where the subscripts o and e denote ordinary and extraordinary polarization,
respectively. The refractive index of the extraordinary direction is given by

1 in” 6, 20,,
. _ sm2 +cos2 , (3_34)
nep(em) nep nop
1 sin®f,, cos?0,,
= . 3-35

By numerically solving Eq. (8=33)-(B=33), the phase-matching angle 6,, is
obtained as plotted in Fig. B=A(b).
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Figure 3-7: (a) The refractive index of a BBO for the ordinary and ex-
traordinary directions [[14]. (b) The phase-matching angle 6,, at the pump
wavelength of 800 nm for the type II phase-matching.

OPA setup

The schematic illustration of the two-stage OPA is shown in Fig. B=8. The
fundamental 800 nm beam is delivered from a Ti:sapphire laser system, with
a pulse duration of 100 fs, a 1 kHz repetition rate, and 4 mJ of pulse energy.
For the MIR pulse generation, 2 mJ of the 800 nm beam is usually used to
pump the OPA system. The 800-nm beam is split into two beams, with most
of the beam used for the second stage amplification process. The fraction
of the beam which goes to the first stage is further split into two. One
lower intensity beam generates white light after passing through a 5-mm-
thick sapphire plate. The visible component whose wavelength is shorter
than 1000 nm is removed from the white light by the long-pass filter. The
other higher intensity beam is mixed with the white light in the first BBO
crystal (BBO1). Here, the type II phase-matching scheme is employed, and
the polarization of the white light is rotated by 90° before the sapphire plate.
To satisfy the phase-matching condition, we employed a 2.5-mm-thick 28° cut
BBO crystal. After the first BBO crystal, a few uJ of the amplified signal
beam is obtained.

The signal beam is sent to the second 4-mm-thick BBO crystal (BBO2)
cut at 28°, and mixed with the higher intensity 800-nm pump beam reflected
by the dichroic mirror (DM1). After the second BBO crystal, typically 500 p.J
of the amplified signal and idler beams are obtained.
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Figure 3-8: Schematic illustration of the two-stage OPA. BS, DS, LP, DM,
and ND stand for the beam splitter, delay stage, long-pass filter, dichroic
mirror, and neutral density filter, respectively. The focal length of the lens
is denoted by f (mm).
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Figure 3-9: The SHG spectrum of the signal and idler pulses using a type-I
BBO crystal. To clarify the original photon energy of the signal and idler
pulses, the horizontal axis is divided by a factor of 2.

The wavelengths of the obtained signal and idler pulses are evaluated by
measuring their second-harmonic generation (SHG) in a type-I BBO crystal.
Figure B=9 shows the typically obtained SHG spectrum of the signal and
idler pulses, whose horizontal axis is divided by 2 to acquire the original
photon energy. Here, the signal and idler photon energies are evaluated as
0.80 eV and 0.76 eV, respectively. It should be noted that the sum-frequency
generation (SFG) of the signal and idler pulses is also detected, which is
located in between the signal and idler pulses as its original photon energy
of 1.55 eV is divided by a factor of 2.

3.3.2 Mid-infrared pulse generation
Phase matching for DFG

MIR pulses with wavelength at 5-16 pum are generated using a GaSe crystal
by the DFG process between the signal and idler beams from the OPA (33
[(a)). The calculated DFG wavelength obtained as a function of signal
wavelength is shown in Fig. B=I0(b). To spatially separate the signal and
idler beams from the DFG beam, the signal and idler beams should be mixed
in noncollinear geometry with an incident angle a. Using the refractive index
of GaSe adopted from [IT5], the phase-matching angle § and outgoing angle
of DFG pulse § are calculated as a function of DFG wavelength for selected
a, as plotted in Figs. B=T0(c) and (d).
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Figure 3-11: Schematic illustration of the DFG system. WG and DS stand
for the wire grid polarizer and delay stage, respectively. The focal length of
the lens is denoted by f (mm).

DFG setup

The signal and idler beams from the OPA are further delivered to the DFG
part, as shown in Fig. B=T1. The polarization of the signal and idler beams
are rotated by 90° to achieve the phase-matching of the z-cut GaSe in the
p-plane. The beam divergence of the two beams is adjusted by the lens pairs
independently. The signal and idler beams are separated by the wire grid
polarizer and noncollinearly mixed at a 2 mm-thick GaSe crystal to separate
the signal and idler beams from the DFG beam. The generated MIR beam
power with a wavelength of 14 pm is typically 6 puJ.
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Figure 3-12: DFG spectrum measured by the MCT detector.

3.3.3 Characterizing the mid-infrared pulse
Wavelength

The DFG power spectrum is measured by a Mercury-Cadmium-Tellurium
(MCT) detector (KMPC12-2-J1, Kolmar technologies) combined with a spec-
trometer. The obtained power spectrum of the DFG pulse is displayed
in Fig. B=T2. Here, the center frequency of the DFG pulse is tuned to
88.5 meV = 21.4 THz, which corresponds to 14.0 ym in wavelength.

Pulse duration

The pulse duration of the MIR pulse is measured by intensity cross-
correlation with an 800-nm pulse, whose pulse duration is obtained by inten-
sity auto-correlation explained in the following.

First, the pulse duration of the 800-nm pulse is measured by the intensity
auto-correlation using a 100-um-thick type-I BBO crystal as depicted in Fig.
B=T3(a). Figure B=I3(b) shows an intensity auto-correlation signal of the 800-
nm pulse, whose FWHM is 7, = 149 fs. Assuming that the optical pulse
is a Gaussian pulse, the FWHM of the original pulse (7,) is estimated from
that of the auto-correlation signal (7,) as

Ta

W= (3-36)

Thus, the pulse duration of 800-nm pulse is estimated as 7, = 105 fs.
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Figure 3-13: (a) Schematic illustration of the auto-correlation measurement.
(b) The intensity auto-correlation signal of the 800-nm pulse. The FWHM
of the auto-correlation signal is estimated as 149 fs from the Gaussian fit. (c)
Schematic representation of the cross-correlation measurement. The polar-
ization rotation of the 800-nm pulse induced by the MIR pulse is detected.
(d) The cross-correlation signal of the 14-pym pulse with the 800-nm pulse.
The FWHM of the cross-correlation signal is extracted as 367 fs from the
Gaussian fit.
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Next, the pulse duration of the MIR pulse is determined by the cross-
correlation between itself and the 800-nm pulse using a 100-pm-thick ZnTe
crystal as a consequence of the Kerr effect [I16]. Figure B=I3(c) shows the
setup for the cross-correlation measurement. The MIR pulse duration mygr
is given by the deconvolution of the cross-correlation signal (7.) as

TMIR = (/T2 — T5- (3-37)
Since the FWHM of the cross-correlation signal is extracted as 7, = 367 fs as
shown in Fig. B=T3(d), the pulse width of MIR is estimated as myr = 245 fs.

Beam size

In the phonon-pumping experiment, the MIR beam is focused on the sample
by a ZnSe lens. The MIR beam size at the sample position is estimated by
THz camera (IR/V-T0831, NEC). Figure B=T4 shows a typical beam pat-
tern of the MIR pulse measured at the sample position. Since the MIR
pulse energy is typically 2 pJ after the ZnSe lens, the MIR fluence is around
200 1J /em? considering the power loss by the diamond window of the cryo-
stat.
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Figure 3-14: The MIR beam pattern at the sample position measured by a
THz camera. The intensity profile of the horizontal and vertical direction
along the white dashed lines are plotted in the top and right panels, respec-
tively. The red curves denote the data, and the blue dashed curves are the
Gaussian fits.



Chapter 4

Superconducting fluctuations in
BiQSI'QCE).CU_QOEQ_:,j

To elucidate the onset temperature of the superconducting fluctuations in
cuprate superconductors by using the Higgs-mode response, THz pump-
optical probe spectroscopy is performed on BiySroCaCuyOg 1, (BSCCO) thin
films. In the oscillatory behavior of the pump-probe response, two onset
temperatures are identified, and their origins are discussed in detail.

4.1 Sample properties

In THz pump-optical probe spectroscopy, underdoped (UD) and overdoped
(OD) BSCCO thin films have been used, which are grown by the sputtering
method on MgO substrates. The superconducting transition temperature
(T%.) of these samples is determined by the magnetic moment measured by
a superconducting quantum interference device (SQUID) under zero-field
cooling (ZFC) and field-cooling (FC) as shown in Fig. B=1. Since determined
T.is T, = 76 K for the UD thin film and T, = 67 K for the OD thin film,
UD and OD thin films are referred to as UD76 and ODG67, respectively.

The thickness of the film is 60 nm for UD76 and 160 nm for OD67. The
reason why the films of different thicknesses have been used is the limited
availability of high-quality BSCCO thin films grown on MgO. However, the
film thickness does not affect the results of the THz pump-optical probe
spectroscopy experiments as shown in Appendix A.
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Figure 4-1: Magnetic moment of the (a) UD and (b) OD BSCCO thin films
measured by SQUID. The black dashed lines denote the determined T.’s.

4.2 THz pump-optical probe spectroscopy

4.2.1 Experimental setup

A schematic illustration of the THz pump-optical probe spectroscopy setup
is depicted in Fig. B=2(a). The output of a regenerative amplified Ti:sapphire
laser system (Coherent Libra, the central wavelength of 800 nm, pulse dura-
tion of 100 fs, pulse energy of 4 mJ, and repetition rate of 1 kHz) was split
into two beams: one for intense THz-pump pulse generation and the other
for the optical probe pulse. To generate an intense THz-pulse, we combined
the tilted-pulse-front technique with a LiNbOj crystal explained in Chapter
3 and the tight focusing method [I17]. The amplitude of the THz-pump
electric field (E-field) is controlled by rotating the wire grid polarizer (WG2)
in Fig. B=2(a).

The THz-pump E-field is measured by electro-optical sampling in a 380-
pm GaP (110) crystal. Figures B=2(b) and (c) show the waveform and power
spectrum of the THz-pump pulse inside the cryostat, respectively. The peak
E-field reaches up to 400 kV/cm. The center frequency of the THz-pump
E-field is around 0.6 THz, which is much smaller than the anti-nodal super-
conducting gap energy 2Aq > 20 meV ~ 5 THz for the present doping levels
of the BSCCO samples [97, TTR-120].
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Figure 4-2: (a) Schematic representation of the THz pump-optical probe
spectroscopy setup. PM, DS, HWP, BS and WG are parabolic mirror, delay
stage, half-wave plate, beam splitter, and wire grid polarizer, respectively.
(b), (¢) The waveform and power spectrum of the THz-pump E-field mea-
sured at the sample position, respectively.



46 Superconducting fluctuations in BisSroCaCuyOg

4.2.2 THz-pump induced transient reflectivity change

THz pump-optical probe spectroscopy measurements have been carried out
as a function of the pump and probe polarization angles Opump, Oprobe defined
in Fig. B=3(a), to distinguish the Higgs-mode and charge density fluctuation
(CDF) contributions.

Figures B=3(b) and (c) represent the THz pump-induced reflectivity
change AR/R at 15 K for UD76 and ODG67, respectively. In both samples,
AR/R’s exhibit induced oscillations which follow the squared THz-pump
E-field (Epump(t)?). In addition to the induced oscillation, AR/R’s have de-
caying components that survives for as long as 10 ps. When increasing the
THz-pump E-field, AR/R monotonically increases in OD67, while it shows
a saturation above 200 kV /cm in UD76. The THz-pump peak E-field depen-
dences of AR/R at fixed delay times for UD76 and OD67 are shown in Figs.
A=3(d) and (e), respectively. For UD76, AR/ R follows the square of the THz-
pump FE-field for weaker peak F-fields, while it saturates above 170 kV /cm.
For OD67, AR/R follows the square of the THz-pump E-field and does not
show a substantial saturation behavior until 400 kV /cm. To ensure the third-
order nonlinear regime, we set the peak THz E-field to 130 kV /cm for UD76
and 220 kV /cm for OD67 denoted by the vertical arrows in Figs. B=3(d) and
(e), respectively.

Polarization dependence of AR/R

In the third-order nonlinear regime, the oscillatory component in AR/R can
be considered as a THz Kerr effect where the intense THz pulse modulates the
optical reflectivity at the wavelength of 800 nm [I21]. The amplitude of the
THz Kerr signal can be written using the third-order nonlinear susceptibility
x®) as [85,021]

AR Pum Probe 1 OR (3) Pum Pum
7 (Ez p,Ej ) ~ Ea—glfo Re ijklEk pEl p, (4—1)

where £ is the real part of the dielectric constant and FE; is the i-th com-
ponent of the THz-pump or optical-probe E-field. Since BSCCO has the
tetragonal symmetry, the nonlinear susceptibility x) can be decomposed
into the irreducible representations of Dy, point group as follows [85, 107]:
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Figure 4-3: (a) A schematic of the CuOs plane. The pump (fpump) and probe
(fprobe) polarization angles are defined relative to the Cu-O bond (y-axis).
(b), (¢) THz-pump-induced transient reflectivity change AR/R at 15 K for
UD76 and ODG67, respectively. The upper panels are the waveforms of the
squared THz-pump E-field. (d), (e) The amplitude of AR/R at a fixed delay
of t at 15 K when Opymp, = Oprone = 45° for UD76 and OD67, respectively.
The lines indicate the slope of 2 for the guides to the eye.
arrows indicate the THz-pump peak E-field used for the experiments. (f)
The amplitude of AR/R at delay time of 1.3 ps for OD67 at 15 K as a
function of the probe polarization angle 0pohe When Opymp = 45°.
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1
X(S) (ePumpa eProbe) =3 ( fl)g‘i‘Xgl)g COS 2GPumpCOS 29P‘robe

2
+X(B;’2)gSin 29PumpSin 29Pr0be> . (4—2)
Here, Xfl)ga Xgl)g, and ngg are defined as Xfl)g = e + 8., Xgl)g _

3 3 3 3 3 .
X:(t:c):(;a: - X;a:)yyg and X(Bg)g = X(xy):cy + chy)yx, respectlvely.

Figure B=3(f) shows the transient reflectivity change AR/R for OD67
at 15 K as a function of the probe polarization €p,o., and demonstrates
that AR/R is dominated by the isotropic A;, component while a slight
polarization-angle-dependence is identified. Mean-field calculations demon-
strated that the Higgs-mode response should appear only in the isotropic
Ay, channel, whereas the CDF response should have the largest contribu-
tion in the polarization-dependent By, channel [85]. Therefore, the observed
THz Kerr signal below T, can be reasonably attributed to the Higgs-mode
response, which is in good agreement with the results of the BSCCO single
crystals [85]. The polarization dependent component thus most likely orig-
inates from the CDF. In the following, we focus on the A;, components of
AR/ R to study the Higgs-mode response.

Temperature dependence of AR/R

Figures B=4(a) and (b) exhibit the A;, component of the transient reflectivity
change AR/ R for Opymp = 45° at selected temperatures for UD76 and OD67,
respectively. At 30 K below T, the induced oscillation, i.e., THz Kerr sig-
nal which follows the squared THz-pump E-field Epyy,(t)? is identified for
both samples. In addition to the THz Kerr signal, AR/R has a decaying
component which survives for as long as 10 ps. For UD76 at 120 K, above
T., AR/R consists of a smaller THz Kerr signal and a decaying signal whose
sign is switched after 2 ps. The negative decaying signal is also discerned in
the THz-pump induced reflectivity change in UD and optimally doped (OP)
BSCCO single crystal, which is ascribed to the quasiparticle relaxation in
the pseudogap state [85] (the decaying component in OP sample is described
in Chapter 2). At 268 K far above T, the decaying signal remains positive
for all the delay times. For OD67 at 150 K above T, the signal is composed
of a smaller THz Kerr signal and a decaying signal. The overall results are
similar to those observed in the single crystals [84].
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Figure 4-4: (a), (b) The A, components of the THz-pump-induced transient
reflectivity change AR/R at selected temperatures for UD76 and ODG67, re-
spectively. (c), (d) The A;, components of the reflectivity change AR/R as
a function of temperature and delay time for UD76 and ODG67, respectively.
The horizontal white dashed lines denote T.

The temperature dependence of the A;, components of the transient re-
flectivity change AR/ R is shown in Figs. B=4(c) and (d) for UD76 and OD67,
respectively. In both samples, AR/R displays a sharp increase from slightly
above T, with decreasing the temperature.

Since the Higgs-mode response is expected to follow Epymp(t)?, the am-
plitude of the THz Kerr signal can be extracted from the Fast Fourier trans-
formation (FFT) of AR/R. Figures B=3(a) and (b) represent the FFT spec-
trum of the squared THz-pump E-field Epymp(t)? and the A;, component
of AR/R for the thin films. The FFT amplitude of the A;; component of
AR/R around 1.5 THz, which corresponds to the peak in the FFT spectrum
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of Epump(t)?, increases with decreasing temperature, except for the data be-
low 72 K for UD76. To discuss the precise temperature dependence of the
FFT amplitude, we have to consider the temperature dependence of the THz
FE-field that penetrates into the sample, which will be described in the next
subsection. The integrated FFT amplitudes from 1.2 to 2.2 THz (Agpr) for
UD76 and ODG67 are plotted in Figs. B=3(c) and (d), respectively. As the
temperature is lowered, the integrated FFT amplitude Appr displays a sharp
increase below 100 K for both samples, whereas it exhibits a rather gradual
increase at higher temperatures. The origin of Appr at higher temperatures
will be discussed in the discussion section.

Calculation of the third-order nonlinear susceptibility y(*

To quantitatively evaluate the temperature dependence of the amplitude of
the THz Kerr signal, the temperature dependence of the squared THz-pump
E-field inside the thin film should be considered in the analysis of third-order
nonlinear susceptibility x® of the THz Kerr signal. Here, the temperature
dependence of the squared THz-pump E-field inside the thin film (Bpgr) is
estimated using the refractive index of the thin film and substrate obtained
by THz time-domain spectroscopy (THz-TDS) in the transmission geometry,
which will be described in the next subsection.

The third-order nonlinear susceptibility ) is evaluated by calculating
the THz-pump FE-field inside the thin film as follows. Firstly, the FFT of the
A, component of AR/R(t) given by Eq. (B=1) can be expressed as

Ala, LOR [ R ® ="
T(W) = Ea—glﬁo/o ReXAlgEFilrIl(t)Qe fdt
1 0R
_ Ea_&gOReXfBQB(@. (4-3)

Here, Epim(t) is the E-field inside the thin film in the time domain and B(w)
is the FFT of Epyw(t)?. In Eq. (B=3), the third-order nonlinear susceptibility
of the Higgs mode Rex(j’l)g is singled out from the integral because it has no
frequency dependence when the probe photon energy is much higher than
the pump photon energy and superconducting gap energy [K4].

Secondly, the THz-pump FE-field inside the film in the time domain
FErim(t) is calculated by using its FFT Epy,(w). In the frequency domain,
this Epim(w) can be expressed by the incident THz-pump E-field Epymp(w)
as follows:
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Figure 4-5:  (a), (b) FFT spectrum of the A;, component of AR/R at
selected temperatures for UD76 and OD67, respectively. The gray curve is
the FFT spectrum of the squared THz-pump E-field (Epump(t)?). (c), (d)
Temperature dependence of the integrated FFT amplitude of AR/R from
1.2 to 2.2 THz (Appr) for UD76 and ODG67, respectively. The vertical black
dashed lines denote 7.
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EFilm(W) _ 1+ nFﬂm(W) (4_4)

E m ilm - ilm - u ;
Pump (W) _ Iril (w) = 1 1pim (@) — nsun(w) e2insun (w)wd/c

Nrim(w) + 1 Npim (W) + ey (w)

ei(nSub (w)_l)"Jd/c

Here, d is the thickness of the thin film, and npy,(w) and ngy,(w) are the
complex refractive indices of the thin film and the substrate, respectively.
Since the THz-pump FFT power spectrum Epymp(w)? covers the frequency
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range from 0.1 to 1.5 THz as shown in Fig. B=4(c), Epim(w) can be calculated
by using ngjm(w) and ngyp(w) in the same frequency region. As the size of
the thin film is 3 x 3 mm? and not large enough to measure the transmittance
below 0.4 THz in THz-TDS measurements, the refractive index of the thin
film npym(w) is obtained from the fitting to the complex optical conductivity
o(w) with the two-fluid model written by Eq. (B=8) which is explained in the
next subsection.

Finally, by integrating Eq. (B=3), the third-order nonlinear susceptibility
can be described as

AR

27Tf2 Alg

@ _ h R (w)dw _ Arer (4-5)

XAlg 27|—f2B - BFF 5 -
f27rf T

where the lower and upper limits of the integral are set to f; = 1.2 THz and
fo = 2.2 THz, respectively. Appr is the integrated amplitudes of AR/R(w)
from w/2m = 1.2 to 2.2 THz and shown in Figs. B=3(c) and (d). Bgpr is the
integrated amplitudes of B(w) from w/2m = 1.2 to 2.2 THz and plotted in
Figs. B=8(a) and (b). Using these Appr and Bppr, the nonlinear susceptibility

Rexfl)g = x® is calculated as shown in Figs. B=7(a) and E=8(a): it gradually
increase as the temperature decreases from 200 K, and displays a slope change
from slightly above T.. As our previous work has demonstrated [85], we
attribute the A;, component of the THz Kerr signal below 7t to the Higgs
mode. In the following, we discuss the temperature dependence of x(®) above
T..

Figure B=0(a) shows the nonlinear susceptibility x®) for UD76 thin film as
a function of temperature (the gray curve). To determine an onset tempera-
ture of the THz Kerr signal (T°"), we take the second derivative of x* with
respect to the temperature 92x®) /0T? which is plotted by the red curve in
Fig. B=A(b). The onset temperature 7™ is determined as the upturn in the
temperature dependence of the second derivative. Figures B=1(c) and (d) are
the expanded figures around T, of Figs. B=1(a) and (b), respectively. With
decreasing temperature from high temperature, the nonlinear susceptibility
x® shown in Fig. B=7(a) has an onset not at 7. but between 80 K and
100 K, which are denoted by the orange dashed lines in Fig. B=7(c). Con-
comitantly, the second derivative shows an onset around 90 K, as shown in
Fig. B=4(d). Thus, the onset temperature of the THz Kerr signal for UD76
is extracted as 17" = 90 K. We also identify a second onset temperature
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Figure 4-6: (a), (b) The FFT amplitude of the squared THz-pump E-field
inside the thin film (Bppr) as a function of temperature for UD76 and OD67,
respectively. The FFT amplitude is normalized by its value at T..

of x® (T§™) from the slope change in the temperature dependence of Y@,
around 75" = 185 K as plotted in the inset of Fig. B=d(a). We note that
the x® signal above T§™ sustains even at room temperature for most of the
samples. This high-temperature signal can be attributed to rather generic
nonlinear transport in the normal metal phase as observed in metallic film
and particles [[22-128].

Next, we examine the temperature dependence of x® for OD67 thin film
plotted in Fig. B=8. Similarly to UD76 sample, the nonlinear susceptibility
x® for OD67 in Fig. B=8(c) displays a slope change not at 7. but slightyly
above T.. In the same manner with the UD76 sample, we evaluated the onset
temperature from the upturn of 9?x® /0T? which locates at 80 K as plotted
in Fig. B=8(d). Therefore, the first onset temperature of x©® is determined
as T = 80 K for OD67. From the inset in Fig. B=8(a), the second onset
temperature is estimated to be 75" = 116 K.

Since the first onset temperatures of x®) (7°"%’s) for both thin films locate
slightly above T, it is reasonable to attribute the finite x®) response at
T. < T < TP to superconducting phase fluctuation, where the long-range
phase coherence fluctuates on the picosecond time scale, which can be probed
by THz and microwave spectroscopy [26-29,029]. Accordingly, 77" should
be viewed as a temperature scale of phase fluctuation above 7., but not
as a well-defined phase transition temperature. We will further examine this
interpretation in the following by comparing 77" with the onset temperature
of the phase stiffness obtained by THz-TDS on the same thin films. Moreover,



54 Superconducting fluctuations in BisSroCaCuyOg

a UD76 c
@ . ©
2 10 : _ %0.2 @
= %204 S 04
& B ons™" 100 200 300 ) "
D *T1 Temperature (K) & 0.2 !
P Te : x ) .
0.0 ' . 0.0
0 100 200 300 60 8 100 120
— ] ' T ' (d) T |

o o
N B
T
!
o
~

(b)
B 0
c X c
§><3' 0.0 p @X:’f 0.0
o] O
‘o8 02 & 02
-0.4 . | . | . -0.4
0 100 200 300 60 80 100 120
Temperature (K) Temperature (K)

Figure 4-7: (a) The third-order nonlinear susceptibility of the THz Kerr
signal x® for UD76 BSCCO thin film as a function of temperature. (b)
The second derivative of x® with respect to the temperature. The vertical
red arrows denote the onset temperature of the sharp increase in the THz
Kerr signal 79" determined from the second derivative 0?x® /9T2. The
vertical blue arrows denote the onset temperature of the THz Kerr signal
Ty, The inset in (a) is its expanded figure around 77" and 79™. (c), (d)
The expanded figures around 7, and 77" of (a) and (b), respectively. The
orange vertical dashed lines in (c¢) and (d) denote the error bars for T7".

to clarify the origin of the second onset temperature 75", we investigate the
onset temperatures of y® in the single-crystalline samples with various hole
concentrations. The origin of 75" will be argued in the discussion section.
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Figure 4-8: The third-order nonlinear susceptibility of the THz Kerr signal
x® for OD67 BSCCO thin film as a function of temperature. (b) The second
derivative of x® with respect to temperature. The vertical red arrows denote
the onset temperature of the sharp increase in the THz Kerr signal 77"
determined from the second derivative 92y /0T?. The vertical blue arrows
denote the onset temperature of the THz Kerr signal 75", The inset in (a)
is its expanded figure around 77" and T9". (c), (d) The expanded figures
around T;. and T7™ of (a) and (b), respectively. The orange vertical dashed
lines in (c) and (d) denote the error bars for 7.

4.3 THz time-domain spectroscopy (THz-
TDS)

4.3.1 Optical conductivity

To compare the onset temperature of the THz Kerr signal 77" with that
of the superconducting phase stiffness, we evaluate the superfluid density
by THz-TDS in the transmission geometry. The details of the THz-TDS
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measurement are described in Chapter 3. The obtained complex optical
conductivity is plotted in Fig. B=9(a)-(d). In both thin films, the imaginary
part of the optical conductivity o9(w) displays 1/w-like divergent behavior
below T, which is a signature of superconducting condensation.

4.3.2 Two-fluid model

The real and imaginary parts of the optical conductivity obtained in THz-
TDS measurements are reasonably fitted by the two-fluid model, which is
ascribed by [I30]

2

pr
0'1(&)) = N85(w) + 1+ w27-27
N, wrw
oo(w) = Do T (4-6)

w o 1+w?r?

where the first term represents the superconducting component, and the sec-
ond term represents the Drude component. Here, N, is the superfluid density,
wy is the plasma angular frequency, and 7 is the scattering time. The previ-
ous THz-TDS measurements and theories showed that the spectral weight is
transferred from the delta function at zero frequency to the Drude compo-
assumed to reproduce the optical conductivity in Ref. [129], here to reduce
the number of the fitting parameters, only one Drude component is assumed.
In Figs. B9(a)-(d), the fitting results are shown by solid curves and well re-
produce the complex optical conductivity of both samples. The temperature
dependence of the three fitting parameters N, w,, and 7 are exhibited in
Figs. B=9(e)-(h). The superfluid density Ny plotted in Figs. B=9(e) and (g)
sharply increases from above T for both films. The onset temperature of N,
is determined as Ty, = 90 K for UD76 and Ty, = 80 K for OD67. The onset
temperature of Ny for UD76 is in good agreement with that reported in the
previous THz optical conductivity measurement [25].

Next, we consider the validity of the fitting parameters w, and 7 of the
Drude component as shown in Figs. B=9(f) and (h). Firstly, the scattering
time 7 displays an increasing tendency as the temperature is lowered in both
samples. The temperature dependence of 7 is consistent with the results
reported by the THz spectroscpy [129], FTIR [I32,133], and ARPES [134],
indicating that the obtained 7 in this study is reasonable. To further confirm
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Figure 4-9: (a)-(d) Real and imaginary parts of the optical conductivity for
UD76 and OD67 measured by THz-TDS. The open circles are the data, and
the solid lines are the fitting curves by the two-fluid model. In (b) and
(d), the dashed curves denote the superconducting component (blue) and
Drude component (red) at 5 K for UD76 and at 15 K for OD67, respectively.
(e)-(h) Temperature dependence of the fitting parameters in Eq. B=8 for
UD76 and ODG67. (e) and (g) plot the superfluid density N, as a function of
temperature. (f) and (h) display the temperature dependence of the plasma
angular frequency w, (red curve, left axis) and the scattering time 7 (green
curve, right axis). NNy and w, are normalized by their values at the lowest
temperature (4 K). The vertical orange arrows denote the determined onset
temperatures of Ny (Ts). The orange vertical dashed lines in (e) and (f)
denote the error bars for Tys.
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the validity of 7, we check that 7 above T is close to the universal value
given by the Planckian dissipation limit as /7 ~ kgT' [R,[35-137], which
is a hallmark of the strange metal regime in cuprate superconductors. As
an example, let us use the value of 7 = 0.02 ps for OD67 at T = 180 K.
Considering that 1/7 in Eq. (B=8) corresponds to the angular frequency, we
can convert 1/7 to the energy as h/7 = 33 meV. Since kg7 = 15 meV at
T = 180 K where kg is the Boltzmann constant, we obtain h/7 = 2.1 kgT.
In the same manner, for UD76 at 7' = 200 K, we obtain h/7 = 0.52 kgT.
In both samples, i/7’s are the same order of magnitude as those given by
the Planckian dissipation limit, confirming the validity of 7 obtained by the
fitting in this study.

Secondly, the plasma angular frequency w, shows a slight decrease below
T, for OD67 and does not show significant temperature dependence for UD76,
while it is expected to decrease below T if the Ferrell-Glover-Tinkham (FGT)
in the real part of the in-plane optical conductivity o1(w) of BSCCO below
3 THz remains uncondensed below T,, and the FGT sum rule is satisfied
by the spectral weight of o;(w) decrease at higher frequency up to 500 THz
below T, as shown by Fourier-transform infrared spectroscopy (FTIR) [140].
Besides, the condensate spectral weight at zero frequency in oy(w) can be
transferred to a Drude component due to the spatial inhomogenuity of the
superfluid density [129, 3], which results in the increase in w, below T-.
Therefore, we consider it is challenging to observe the decrease in the spectral
weight of o;(w) below T, in BSCCO samples. However, we stress that the
superfluid density N, can be extracted from oy(w), whose spectrum cannot
be reproduced by a simple Drude model as discussed in the next subsection.

4.3.3 Alternative estimation of the superfluid density

To confirm the determination of Ny in a different manner, the superfluid
density in o9(w) is estimated by subtracting the Drude contribution, which
corresponds to the second term of o9(w) in Eq. (B=8). To this end, oy(w)
spectrum is first fitted by the Drude model, which can be written by the
second term of o1(w) in Eq. (B=8), as shown by the solid curves in Figs. 13
[M(a) and (c). The corresponding fitting parameters of w, and 7 are plotted
as a function of temperature in Figs. E=T0(f) and (h), which are almost
the same as those in Figs. B=9(f) and (h). Then, the corresponding Drude
contribution is subtracted from the experimentally obtained o9(w) spectrum.
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The subtracted spectra Acs(w) are displayed in Figs. B=T0(b) and (d). An
upturn behavior toward the lower frequency range is obviously discerned even
at 80 K for UD76 and at 70 K for OD67 (marked with the black arrows in
Figs. B=10(b) and (d)), indicating the presence of a superfluid component at
those temperatures above T,. On the contrary, Acy(w) at 90 K for UD76
shows a very small upturn toward the lower frequency, and that at 80 K
for OD67 does not display this upturn behavior toward the lower frequency.
Figures B=T0(e) and (g) show the temperature dependence of Acoy(w) at the
lowest frequency of 1.9 meV for UD76 and that of 2.4 meV for OD67. The
onset temperatures are estimated as Ty, = 85-95 K for UD76 and Ty, = 80-
90 K for OD67. These values are in good agreement with those extracted by
the two-fluid model, which further reinforces the determination of T, by the
two-fluid analysis. In the subtracted spectra of Acy(w), a finite peak around
8 meV is recognized, which is neither reproduced by the two-fluid model in
Figs. B=9(b) and (d). This high-frequency deviation might be due to the
non-Drude behavior of cuprate superconductors.

4.4 Doping dependence of the THz Kerr sig-
nal in BSCCO bulk samples

To elucidate the hole doping dependence of 77" and 75", the THz Kerr
signals in the BSCCO bulk samples are examined in a wide range of dop-
ing from the previous THz pump-optical probe spectroscopy results of my
master course study [85]: the experiments were performed on underdoped
(UD62 and UDT74), optimally doped (OP90), and overdoped (OD82, ODG6)
single crystals. Since the temperature dependence of the THz E-field inside
the sample does not strongly depend on the hole concentration, as shown in
Figs. B=8(a) and (b), the temperature dependence of the third-order non-
linear susceptibility x® for bulk samples is estimated by approximating the
temperature dependence of the internal THz E-field with that of the UD76
thin film. In the following, we examine the temperature dependence of the
THz Kerr signal for each BSCCO single crystal.
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Figure 4-10: (a), (c) Real part of the optical conductivity for UD76 and OD67
measured by THz-TDS. The open circles are the data, and the solid lines
are the fitting curves by the Drude model. (b), (d) The difference between
the imaginary part of the optical conductivity and the Drude contribution
obtained from the fits to the real part. The black horizontal arrows are
described in the main text. (e), (g) Temperature dependence of Aoy(w) at
the lowest frequency of 1.9 meV for UD76 and that of 2.4 meV for OD67. The
vertical orange arrows denote the determined onset temperature of Aoy(w)
(Tys). The orange vertical dashed lines in (e) and (g) denote the error bars for
Tns. (f), (h) The temperature dependence of the plasma angular frequency
w, (red curve, left axis) and the scattering time 7 (green curve, right axis).
N, and w, are normalized by their values at the lowest temperature (4 K).
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Figure 4-11: (a) The third-order nonlinear susceptibility of the THz Kerr
signal x©® for UD62 BSCCO bulk sample as a function of temperature. (b)
The second derivative of x® with respect to temperature. The vertical red
arrows denote the onset temperature of the sharp increase in the THz Kerr
signal T¢" determined from the second derivative 9?x®) /T2, The vertical
blue arrows denote the onset temperature of the THz Kerr signal 75, The
inset in (a) is its expanded figure around 77" and 75™. (c), (d) The expanded
figures around 7. and 77" of (a) and (b), respectively. The orange vertical
dashed lines in (¢) and (d) denote the error bars for 77,

UD62 BSCCO bulk sample

Figure B=IT shows the temperature dependence of x® and 9%y /0T? for
UD62. The nonlinear susceptibility x® in Fig. B=IT(c) shows an onset
around 81-102 K (the orange dashed lines). Since the onset temperature of
0*x®) /0T? is discerned at 91 K in Fig. B=T1(d), we determine the first onset
temperature as 77" = 91 K. In addition, one can see a change in the slope
of x®® above T around 73" = 166.5 K in the inset of Fig. B=TTi(a), which
is in between 151 K and 182 K.
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Figure 4-12: (a) The third-order nonlinear susceptibility of the THz Kerr
signal x® for UD74 BSCCO bulk sample as a function of temperature. (b)
The second derivative of x® with respect to temperature. The vertical red
arrows denote the onset temperature of the sharp increase in the THz Kerr
signal TP determined from the second derivative 9%y /0T2. The vertical
blue arrows denote the onset temperature of the THz Kerr signal 75", The
inset in (a) is its expanded figure around 77" and T5™. (c), (d) The expanded
figures around T, and 7™ of (a) and (b), respectively. The orange vertical
dashed lines in (c) and (d) denote the error bars for T7.

UD74 BSCCO bulk sample

Figure B=T2 shows the temperature dependence of the THz Kerr signal for
UD74. As shown in Fig. B=I2(c), x® displays a sharp increase below 80 K.
One can also identify an onset of 9*x®/0T? in Fig. B=12(d). Therefore, we
determine 77" = 80 K for UD74 sample. In the inset of Fig. B=T2(a), the
slope of x® increases below T = 180 K.
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Figure 4-13: (a) The third-order nonlinear susceptibility of the THz Kerr
signal x® for OP90 BSCCO bulk sample as a function of temperature. (b)
The second derivative of x® with respect to temperature. The vertical red
arrows denote the onset temperature of the sharp increase in the THz Kerr
signal TP determined from the second derivative 92x®) /0T2. The vertical
blue arrows denote the onset temperature of the THz Kerr signal 75, The
inset in (a) is its expanded figure around 77" and 75, (c), (d) The expanded
figures around 7T, and 77" of (a) and (b), respectively. The orange vertical
dashed lines in (¢) and (d) denote the error bars for 77",

OP90 BSCCO bulk sample

In Fig. B=13, we plot the temperature dependence of Y and 9>y /9T? for
OP90. As displayed In Fig. B=I3(c), x® increases below 98 K. This onset is
also observed in 92x® /0T, as shown in Fig. B=T3(d). Thus, we determine
the first onset temperature of Y for OP90 as 70" = 98 K. Above T, a
change in the slope of x©® is observed around 7™ = 165 K in the inset of
Fig. B=T3(a).
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Figure 4-14: (a) The third-order nonlinear susceptibility of the THz Kerr
signal x® for UD62 BSCCO bulk sample as a function of temperature. (b)
The second derivative of x(® with respect to temperature. The vertical red
arrows denote the onset temperature of the sharp increase in the THz Kerr
signal 79" determined from the second derivative 9%y /0T2. The vertical
blue arrows denote the onset temperature of the THz Kerr signal 75". The
inset in (a) is its expanded figure around 77" and T™. (c), (d) The expanded
figures around 7T, and 77" of (a) and (b), respectively. The orange vertical
dashed lines in (c) and (d) denote the error bars for 77",

OD82 BSCCO bulk sample

Figure B=T4 shows the THz Kerr signal for OD82 as a function of temperature.
As plotted in Fig. B=Id(c), x©® shows an onset around 84-96 K, which is
denoted by the orange dashed lines, while the sharp increasing tendency is
less clear compared to the UD and OP samples. However, the corresponding
onset temperature of 90 K can be seen in 9%y /0T?, as displayed in E=Td(d).
Thus, we determine the first onset temperature as 77" = 90 K.
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Figure 4-15: (a) The third-order nonlinear susceptibility of the THz Kerr
signal x©® for OD66 BSCCO bulk sample as a function of temperature. (b)
The second derivative of x®) with respect to temperature. The vertical red
arrows denote the onset temperature of the sharp increase in the THz Kerr
signal T determined from the second derivative 9?x® /T2, The vertical
blue arrows denote the onset temperature of the THz Kerr signal 75, The
inset in (a) is its expanded figure around 77" and 75™°. (c), (d) The expanded
figures around 7T, and 77" of (a) and (b), respectively. The orange vertical
dashed lines in (¢) and (d) denote the error bars for 77",

In addition, one can see a change in the slope of x®) around 7™ = 130 K
in the inset of Fig. B=Td(a), which is in between 120 K and 140 K.

OD66 BSCCO bulk sample

Figure B=T3 shows the temperature dependence of the THz Kerr signal for
OD66. As shown in Fig. B=I3(c), x* displays a sharp increase between 72 K
and 80 K. One can also identify the corresponding onset of 9>x® /0T? at 76 K
in Fig. B=13(d). Therefore, we determine 77" = 76 K for OD66 sample. In
the inset of Fig. B=TH(a), the slope of x®) increases below T5™ = 140 K.
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4.5 Discussion

Figure B=TA summarizes 77" and 75 for two thin films and five bulk samples
as a function of doping. Here, we determine the hole concentration p using
the Presland-Tallon’s equation [T41]):

T
1— Tg:ax = 82.6(p — 0.16)?, (4-7)
where T."* is T;. at the OP sample. In the following, we discuss the origins
of these onset temperatures.

4.5.1 Origin of the onset temperature 77"°

First, in both UD76 and OD67 BSCCO thin films, 77" in the THz Kerr
signal shows a good agreement with Ty, in the superfluid density within
the experimental error bars. This coincidence suggests that although the
static superconducting phase coherence develops at T., the THz probe is
sensitive to the evolution of superconducting phase coherence fluctuating on
the picosecond time scale which evolves from slightly above T...

Figure B=TA summarizes 77" for two thin films and five bulk samples as
a function of doping. For all the samples examined, the onset temperature
of the Higgs mode 77" lies slightly above 7. This result is consistent with
the previously reported THz conductivity measurements in UD BSCCO thin
films [25,26]. Similar behavior has also been reported in other cuprate super-
conductors such as Lay_,Sr,CuO,4 (LSCO) and YBayCuzOg4, (YBCO): the
onset temperature of the macroscopic superconducting phase fluctuation is
shown to locate at most 20 K above T in a wide range of hole concentration
when probed by microwave and THz spectroscopy [24-29,31].

4.5.2 Origin of the onset temperature 75"°

To explore the origin of the second onset temperature of the THz Kerr signal
s, 19" for all the samples studied are shown as a function of hole concen-
tration in Fig. B=TG. It is evident that except for OD66, 75" coincides with
the local gap opening temperature reported in STM studies below which lo-
cal superconducting patches emerge [d1]. This coincidence suggests that 75"
is relevant to the gap opening in local superconducting patches, whereas the
reason why 79" of only OD66 deviates from the gap opening temperature
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Figure 4-16: The onset temperature of the THz Kerr signal as a function of
doping obtained from THz pump-optical probe spectroscopy and superfluid
density evaluated by THz-TDS. The hole concentration p is estimated from
T. using the Presland and Tallon’s equation in Eq. (B=7) [141]. The red and
blue circles are T7™ and 75" for BSCCO bulk samples evaluated from the
data in Ref. [85]. The red and blue squares are TP and 75" for BSCCO
thin films studied here. The orange diamonds are the onset temperature of
the superfluid density 7T, for BSCCO thin films obtained by THz-TDS. The
data of Ty, for other hole concentrations plotted by magenta triangles are
adopted from Ref. [?5]. The light blue triangles denote the superconducting
gap opening temperature for BSCCO adopted from Ref. [#1]. The purple
diamonds denote the pseudogap opening temperature 7™ for BSCCO adopted
from Ref. [TIR,1T9].
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in STM is unresolved. Previous studies in BSCCO from ARPES [43-45] and
Nernst [36] measurements also demonstrate that the superconducting gap
opening temperature is considerably higher than T, yet the values are dis-
tributed between 77" and 75" depending on the measurements. In addition,
15" is substantially lower than the pseudogap opening temperature 7™ in
particular for the underdoped samples. This may indicate that in particu-
lar for the underdoped region, the preformed Cooper paring is not directly
related to the pseudogap.

In other cuprates such as YBCO and LSCO, it has been shown that local
superconducting patches appear at as high as 100 K above T, by infrared
spectroscopy [32-34] and Nernst measurements [35]. It is noteworthy that
the two temperature scales of 17" and 75" have also been recognized in
the FTIR studies for YBCO [33,34], and they are in good agreement with
those identified in the THz Kerr signal for BSCCO even though the materials
are different. Like the previous FTIR studies for YBCO [33,34], the growth
of local superconducting patches below 75" should also be identified in the
THz-TDS measurements. Nevertheless, it is absent in the present results for
BSCCO. This difference between FTIR and THz-TDS measurements might
be due to the sensitivity to the superfluid density Ny: in the previous FTIR
of Ref. [34], Ny above 7™ is 0.2-0.3% of that at the lowest temperature,
whereas the error bars for Ny in our THz optical conductivity is estimated
as 5-10% of the value at the lowest temperature. Therefore, even though the
value of Ny above 17" cannot be directly compared between BSCCO and
YBCO, it is possible that a finite N above TP is below the noise floor in
our THz-TDS measurement.

Furthermore, it has been recently reported that the macroscopic super-
conducting phase coherence vanishes rapidly above T, in an exponential fash-
ion by paraconductivity, nonlinear conductivity, and torque magnetometry
measurements [40 149, 143]. In these studies, the mechanism of the super-
conducting phase-locking among the locally formed superconducting islands
is explained by a phenomenological percolation model. These observations
suggest that the origin of the THz Kerr signal between T7™ and 75 deserves
further experimental investigations and requires a microscopic theory of the
THz Kerr effect in the temperature regime of precursor superconductivity.
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To summarize, we identify two onset temperatures in the THz Kerr signal
of the BSCCO samples for a wide range of doping: the first one (77™°) is lo-
cated slightly above T., whereas the second one (75™) is located substantially
higher than 7,. We find that 77" coincides with that of the superfluid density
evaluated from the THz optical conductivity measurements. This coincidence
indicates that the superconducting phase fluctuation on the picosecond time
scale evolves from slightly above T,. Furthermore, the second onset temper-
atures Ty™’s for all the samples studied, except for OD66 sample, show a
good agreement with the superconducting gap opening temperatures in the
previous studies of BSCCO [36,41,43]. This agreement suggests that 75 is
reasonably ascribed to the preformed Cooper pairs far above T.. Moreover,
particularly for the underdoped samples (p < 0.16), T is located substan-
tially lower than the pseudogap opening temperature 7™, suggesting that the
origin of the pseudogap is not directly correlated with the preformed Cooper
pairing.
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Chapter 8

Summary and outlook

In this study, we have explored the superconducting fluctuations and the
photo-induced nonequilibrium superconductivity via the THz nonlinear op-
tical responses arising from the collective excitation of the superconducting
order parameter in high-7. cuprate superconductors; the Higgs mode and the
Josephson plasma resonance (JPR).

Superconducting fluctuations in Bi,Sr,CaCuy0Og, ;.

Firstly, we have investigated the in-plane Higgs-mode response through
the observation of the THz Kerr effect in the ab-plane BiySroCaCuyOg.y,
(BSCCO) thin films utilizing the THz pump-optical probe spectroscopy. We
observe the induced oscillation, i.e., the THz Kerr signal, in the THz-pump
induced in-plane reflectivity change which follows the squared THz electric
field. In the THz Kerr signal, two onset temperatures are identified. Com-
bining the results of single-crystalline samples, we have found that the first
one (T7™) is slightly above T, whereas the second one (75") is located sub-
stantially higher than 7.. 77" coincides with that of the superfluid density
evaluated from the THz optical conductivity, suggesting that although the
static superconducting phase coherence develops below T, the THz probe
is sensitive to the superconducting phase fluctuation on the picosecond time
scale which evolves from slightly above T.. Notably, the second onset tem-
perature 75™’s for all the samples studied, except for OD66 sample, coincide
with the superconducting gap opening temperatures in the previous studies
of BSCCO [36,41,43]. This coincidence indicates that T5™ is reasonably
associated with the preformed Cooper pairs far above T,.. Furthermore, par-
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ticularly in underdoped samples (p < 0.16), 79" is much lower than the
pseudogap opening temperature 7%, which may indicate that in the under-
doped region, the pseudogap is not directly relevant to the preformed Cooper
paring.

Photo-induced nonequilibrium optical responses in
YBaQCu306+y

Secondly, we have applied the THz nonlinear optical responses to elucidate
the optically-induced nonequilibrium superconductivity. To this end, we have
started from the optical pump-THz probe spectroscopy for the ac-plane un-
derdoped YBayCusOgy, single crystal (UD61) with three pump wavelengths:
800 nm, 1.5 pm, and 14 pm. We have observed the photo-induced 1/w-like
increase in the imaginary part of the c-axis optical conductivity above T, con-
sistent with the previous studies [63-57]. On the contrary, a photo-induced
decrease in the a-axis THz reflectivity is discerned, which is incompatible
with the interpretation of the photo-induced superconductivity.

Next, the observed transient optical conductivity is examined by the in-
plane Higgs-mode response by THz pump-optical probe spectroscopy for the
ab-plane underdoped YBayCu3Og.4, single crystal (UD78). We have identi-
fied the THz-pulse driven Higgs mode and the superconducting quasiparticle
(QP) excitation below T, in the THz-pump induced in-plane optical reflec-
tivity change AR/R. When the sample is irradiated with the pump pulse at
the wavelength of 1.4 pym below T, the Higgs-mode and QP responses are
suppressed, consistent with the photo-induced destruction of the supercon-
ductivity. Above T., neither the Higgs mode nor the QP responses are ob-
served in AR/ R, indicating that it is unlikely to attribute the photo-induced
state above T, to the superconducting phase.

To further examine the photo-induced state above T, we have investi-
gated the THz third-harmonic generation (THG) from the c-axis Josephson
current for the ac-plane UD61 YBCO sample. Using the narrowband THz-
pulse polarized along the c-axis with the central frequency of 0.5 THz, we
have observed the THG at 1.5 THz in the reflected THz electric field from
UD61 below T,. Besides, we have performed the 800-nm pump-THG probe
experiments and shown that the THG intensity below T, decreases after
photo-excitation, consistent with the results of the Higgs-mode response. At
100 K, the THG is not identified either in equilibrium or in the photo-induced
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state.

Therefore, we have concluded that the optically-induced increase in the
imaginary part of the c-axis optical conductivity is attributed to the QP
excitation but not to the photo-induced superconductivity. Since the tem-
perature range where the characteristic c-axis transient conductivity emerges
agrees with the pseudogap temperature region, the observed nonequilibrium
response is most likely ascribed to the QP excitation across the pseudogap.
Even though the photo-induced state is not attributed to the superconduc-
tivity, it is highly intriguing that coherent QPs with the scattering rate as low
as a few THz appear right after the photo-excitation in the pseudogap region,
considering the incoherent c-axis transport in equilibrium. By investigating
the time evolution of the scattering rate of the transient Drude-like response
with a broader probe frequency range, one can understand what interacts
with the photo-excited pseudogap QPs on the picosecond timescale, which
might give a clue to understanding the pseudogap phase.

Outlook

As an initial step, we have investigated the superconducting fluctuations in
high-T.. cuprate superconductors utilizing the Higgs-mode response by the
nonlinear THz excitation. This measurement method demonstrated here
would provide access for the study of dynamical interplay between the su-
perconductivity and other competing or coexisting orders in unconventional
superconductors though the observation of the collective modes arising from
those orders in the time domain.

In addition, the Higgs mode in cuprate superconductors is still in its in-
fancy and deserves to be further investigated. Meanwhile, the observations
of the Higgs mode in cuprates are limited to the THz pulse excitation with
a photon energy around 2.5 meV, which is much smaller than the supercon-
ducting gap energy at the antinode in BSCCO and YBCO [I86]. Therefore,
to reveal the energy spectrum of the Higgs mode, the mid-infrared pulse ex-
citation whose photon energy reaches to the antinodal superconducting gap
is promising in the future study.

Subsequently, we have studied the nonequilibrium dynamics of YBCO
using the THz reflectivity along the c-axis as a probe. We show that the
multilayer analysis to extract the optically-induced surface refractive index
gives a significant artifact in the superconducting state. In this regard, it
is desired to use ac-plane thin film samples to study the nonequilibrium c-
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axis optical response to overcome the penetration depth mismatch between
the pump and probe pulses. Combining the nonequilibrium c-axis optical
response above T, this study might enable us to investigate the relation
between the superconductivity and the pseudogap.

Finally, we have then studied the light-induced nonequilibrium state in
cuprate superconductors by applying the THz nonlinear responses of the
Higgs mode and JPR. As an ultrafast probe of the superconducting order
parameter, these THz nonlinear responses would lay the foundation to ex-
plore the nonequilibrium phenomena.



Appendix A

Supplemental data of the THz
pump-optical probe
spectroscopy for
BiQSI'QCEICU_QO&_:,j

In Chapter 4, we have used the BiySryCaCuyOg, (BSCCO) films of differ-
ent thicknesses due to the limited availability of high quality BSCCO thin
films grown on MgO. However, in this appendix, we show the film thickness
dpim does not affect the result of the THz pump-optical probe spectroscopy
(TPOP) experiment.

The penetration depth § at the frequency w is given by [L30]

C

- 2k(w)w’

(A.1)

Here, ¢ is the speed of light and x(w) is the imaginary part of the refractive
index of the film. First, let us consider the penetration depth of the near-
infrared(NIR) probe dxr. By using the dielectric function for underdoped (7.,
= 66 K) and optimally doped (7. = 88 K) BSCCO single crystal at 1.55 eV
given by Ref. [I87], the penetration depth for the near-infrared (NIR) probe,
ONIR, 18 calculated as 198 nm for underdoped sample at 20 K and 190 nm
for optimally doped sample at 15 K, indicating that dnir does not strongly
depend on doping. We also estimated dnr for optimally doped BSCCO single
crystal (7, = 88 K) to be 186 nm at 15 K and 178 nm at 200 K using the
dielectric function given in Ref. [I88] indicating that dnr does not strongly
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Figure A.1: The penetration depth of the THz-pump E-field (dry,) at the
indicated temperatures for (a) UD76 and (b) OD67. The THz-pump power
spectrum is also shown by a gray curve. The red dotted horizontal lines are
the penetration depth of the NIR-probe E-field (dxir) at 30 K calculated by
using the data in Ref. [I88]. The purple dotted horizontal lines denote the
thickness of each film.

depend on temperature. Since dnig is substantially larger than the thickness
of each film dpy, (60 nm for UD76 and 160 nm for OD67, respectively),
the NIR-probe F-field experiences a part of the MgO substrate. However,
the contribution from the substrate to the THz Kerr signal is negligible as
discussed below.

The THz-pump induced reflectivity change at 800 nm for MgO substrate
can be written similarly as Eq. (B=1) in Chapter 4 as [TZ1]

A—; = %ceongEg
where n is the refractive index of MgO at 800 nm, ns is the second order
nonlinear refractive index of MgO for the THz-pump 800-nm probe measure-
ment and Epump is the peak THz-pump E-field. At room temperature, the
refractive index of MgO at 800 nm is n = 1.72 [I8Y], and the second order
nonlinear refractive index of MgO for 1-THz pump 800-nm probe measure-
ment is ng = 0.5x107' cm?/W [190]. For Epump = 400 kV/cm, which is
the maximum peak FE-field in our experiments, the reflectivity change can
be calculated from Eq. (B2) as AR/R = 3.0x107°. This value is negligibly
small compared to the observed AR/R for BSCCO which is the order of 1074

(A.2)

ump
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in the normal state. Thus we can neglect the effect of the substrate in the
pump-probe signal.

Next, we estimate the penetration depth of the THz pump, dry,, from
the measured THz optical conductivity in Figs. B=9(a)-(d). The results are
represented in Fig. AT Since the power spectrum of THz-pump has the
main portion below 1 THz, we focus on the behavior of dry, below 1 THz.
One can see that oy, is substantially larger than dgyy,,. This indicates that
the effect of the THz pump is homogeneous along the depth direction of the
film. Therefore, we conclude that the difference of the thickness of the film
does not affect the experimental results.
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Fitting parameter dependence
of the THz reflectivity change
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