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ABSTRACT OF THE DISSERTATION

Ultrafast terahertz electrodynamics of cuprate superconductors

by

Kevin Cremin

Doctor of Philosophy in Physics

University of California San Diego, 2019

Professor Richard Averitt, Chair

Since the discovery of superconductivity, the potential applications of superconductors
has pushed the research of these materials into the forefront of physics. With the current rate
of technological developments, the discovery of room temperature superconductors seems only
steps away. The use of light, i.e. spectroscopy, has been one of the greatest tools used in modern
physics for furthering our understanding of material properties. Not only can we use light to
probe the underlying physics, but we can also use light to manipulate and control a materials
properties by design. In this thesis, I will present two different projects I have worked on involving
high-T7; superconductors and using light excitation to induce a metastable phase transition and

probe the materials nonlinear response. The first three chapters cover a brief background of

Xiii



superconductors and recent advances in light-induced superconductivity, experimental techniques
built and developed by myself, and the method of analysis. The first research endeavour I report
on is photo-excitation of the highly charge-ordered cuprate La,_,Ba,CuQy4. After excitation we
are able to partially melt the competing charge-order and observe a long-lived metastable state
which shows signatures of superconducting behaviour above 7.. The second research project
explores the nonlinear c-axis response of La,_,Sr,CuOy4 using high field THz spectroscopy and
we observe third harmonic generation by driving the Josephson plasma resonance. A metamaterial
is also applied to the crystals surface and we observe pronounced nonlinear effects above and

below T¢ not present for linear field strengths.
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Chapter 1

Superconductivity

1.1 High-T; Cuprates

High temperature superconduncting cuprates were discovered in 1986[6], and with that
came a new found enthusiasm for the condensed-matter community. Before this, the highest
T, was only 23 K and Bardeen-Cooper-Schrieffer (BCS) theory predicted the upper limit on
superconductivity to be ~30-40 K, as above this temperature thermal fluctations would be
comparable to the phonon-electron interaction energy. Surprisingly, the record 7. was broken by
a ceramic mott insulator type of material, making it clear that some novel mechanism is a the
foundation of this quantum state.

The Lay_CuOy4 parent compound of many superconductors is a mott insulator which
exhibits antiferromagnetic ordering at low temperatures. A Mott insulator differs fundamentally
from a band insulator in the mechanism that limits the conductivity. Conduction in a band
insulator is blocked by the Pauli exclusion principle, where the highest filled band contains two
electrons per unit cell, no transfer of charge is allowed since all the orbitals are filled. A Mott
insulator’s conductivity is limited by electron-electron repulsion even when band theory would

predict the material to be metallic. By doping the parent compound with elements containing one



fewer electron (hole doping), conductivity is restored by creating free orbitals electrons jump to
avoiding an increase in Coulomb repulsion energy[46]. Upon hole doping is also where these
materials exhibit superconductivity, of which there is typically an optimal doping enabling a
maximum 7.. The electronic properties of these materials are also two-dimensional since the
doped charges reside in plane, with minimal coupling between planes. The two-dimensional
superconducting layers are a typical characteristic of the high-7, cuprates and lead to interesting
electrodynamics along the insulating c-axis which are described in the next section.

In the past few decades it has become clear that spin and charge ordering occur in these
materials at low temperatures[73, 35]. The onset of these collective modes often arise at the
same or similar temperatures as superconductivity, believed to be a competing order reducing
T.. Although several studies have shown superconducting fluctuations within the charge/spin
ordered states[2, 60, 47, 22]. Understanding the puzzling connection between superconductivity
and these low temperature ordered states may be the missing piece in controlling the temperature

at which superconductivity can exist.

1.2 Josephson Plasma Resonance

Along with superconductor’s defining features of zero resistivity and expulsion of mag-
netic field below T¢, there is a another important property that was discovered by B.D. Josephson
[38] in 1962 now known as the Josephson effect. When two superconducting materials are placed
near each other( ;10 nm) with an insulating barrier in between as depicted in Fig. 1.1, there still
exists probability of the superconducting cooper pairs to tunnel across the barrier, thus creating a
superconducting current through an insulating region where a normal current would not exist.
Josephson analyzed this situation and discovered the resulting phenomena that occur with this
type of configuration.

In order to analyze a Josephson junction, let us consider the quantum mechanical wave



Insulator

N

Figure 1.1: Two superconductors separated by a thin insulating barrier, containing wavefunc-
tions Y and .

Superconductor

functions y; and y; of the cooper pairs on each side of the barrier. The dynamics of each wave

function can be determined by the following coupled Schrodinger equations[23]:

0
ih% =U1y1 + Ky,
g (1.1)
SO0y
lhw = U2W2+KW1,

where K is a constant representing the coupling strength across the barrier. If K were zero,
equations 1.1 would just describe the lowest energy sate with energy U for each superconductor.
If the two sides of the insulator are of the same material, we can create an energy difference
by applying a voltage V across the junction resulting in U; — U, = 2¢V where e is the electron

charge. For simplicity we define the zero of the energy to be halfway between which leads to



oy

lha— = €V\|I] +K\V2,
5 4 (1.2)
I % = —eV\V2+K\|11,

which are the standard equations describing a system of two quantum mechanical states coupled

together. We assume Y and », have solutions of the form

yi = /poe’,
W2 = v/Poe?,

(1.3)

where pg is the superfluid density of electrons and 01 and 0, are the phases of the two opposite
superconducting mediums. By substituting the equations for ;| and > into the coupled equations

1.2, and equating the real and imaginary parts we end up with four different equations

d 2 .
Pl — 42K pipasing,
(1.4)
dpr 2 .
=, =~ KVPipasing,
ad  2eV
a - R (1.5)

where ¢ = 0; — 0 is the difference in phase between the two sides.

From the first two equations we can say that there is a flow of superconducting charge
carriers from one side of the barrier to the other resulting in a current. In practice the super-
conducting density of either side is not actually changing, and this can be made sense of if we
consider how we apply a voltage bias V. In this simple case, lets say the two superconducting

sides are connected to the positive and negative terminals of a battery, any transfer of charge will



be replenished on either side by the battery resulting in no net change in superfuild density. These
equations describe how the densities would start to change under a potential difference, but still
accurately tell the kind of current that would begin to flow. In a real scenario, p; and p, would
both remain constant and equal to pg and we can write the current / across the insulating barrier
as

I = Ipsin® (1.6)

where Iy = 2Kpo/h. Equations 1.5 and 1.6 represent the main results from the general theory of
the Josephson junction.

If we apply a DC voltage Vjy across the junction, we get a oscillating current of the form
I(t) = Ipsin(2eVot /). Interestingly, by applying a DC voltage we can drive a current at frequency
f =2eVy/h. Since many cuprate superconductors are layered materials consisting of stacks
of weakly coupled 2D superconducting planes(separation of ~1 nm), they essentially form an
array of small intrinsic Josephson junctions along the insulating direction(c-axis). By applying a
voltage along the c-axis, one can initiate emission from the oscillating current at GHz or THz
frequencies[4, 56, 40, 9], which can be used as a source for THz spectroscopy.

Now we consider the consequence of applying an oscillating voltage bias across the
junction. This can be achieved with an incident plane wave electric field E(f) = Egcos(ot)
oscillating at frequency ®. The system of stacked Josephson junctions behaves analogous to
an RLC circuit with capacitance C and inductance L determined by the interlayer spacing and
superfluid density. The plasma frequency of the oscillating superconducting charges is given by

[61]

o 8Tedl 1/2
0)]—< e ) (1.7)

where d is the interlayer spacing and € is the permittivity. This has become a key feature of

the high-T; superconductors identified with spectroscopy also known as the Josephson plasma
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Figure 1.2: Key spectroscopic features of the c-axis Josephson plasma resonance measured in
high-T. superconductors. Panel (a) shows the c-axis reflectivity, panel (b) and (d) show the real
and imaginary part of the optical conductivity and (c) the loss function. The normal insulating
properties above T, are plotted in black and the superconducting properties below 7. are plotted
in blue.



resonance. Conveniently, the c-axis plasma frequency for most high-7;. superconductors lies
within the 0.1-5 THz frequencies serving as a reporter of superconductor strength in Fourier-
transform infrared and THz time domain spectroscopy. The key spectroscopic signatures of the
Josephson plasma resonance are plotted in Fig. 1.2. Below T, a plasma edge is observed in the
c-axis reflectivity as well as peak in the loss function which is the imaginary part of —1 /€. Upon
the superconducting transition, we see a decrease in the real part of the conductivity, as spectral
weight at finite frequency is transferred to ® = 0. Unlike in a typical BCS superconductor, there
exists spectral weight below twice the superconducting gap 2A, due to a remaining existence
of normal charge carriers. Superconductors, by nature have a scattering rate of 0 Hz, which
mathematically is represented by a delta-function at ® = 0 and this is seen as a 1/ divergence in

the imaginary part of the conductivity.

1.3 Light induced superconductivity

Since the discovery of superconducting mercury in 1911, many advances have been made
in the world of superconductivity. A main motivation in the research has been to increase the
transition temperature where this phenomena begins to occur, and one day hopefully achieving
a superconductor near room temperature. These scientific achievements come along with the
development of theoretical understanding and new materials. The superconducting properties of
material can be altered through doping, applying pressure or a magnetic field as well as using
light. Intense laser pulses are frequently used to perturb materials, observing their relaxation
pathways as well as inducing non-equilibrium properties not found otherwise. These techniques
investigating light-matter interaction have been applied to superconductors over the past several
decades and have helped to expand our understanding.

The current state of laser science has allowed for the generation of intense pulses of

light from visible to mid-infrared and THz frequencies which can be tuned to effectively control



cooperative physics at low temperatures. One of the first demonstrations of light-induced supercon-
ductivty was shown by D. Fausti et. al. in a striped-ordered cuprate La; g75Eu(.2S1g.105CuO4[21].
Upon doping with Eu the material at low temperatures undergoes a tetragonal lattice distortion
and exhibits spin and charge ordering which strongly reduces the superconducting transition 7 'c.
Within the competition between phases of ordered charges and superconductivity lies a complex
but interesting problem of how these materials become superconducting or not. By pumping
the stripe-ordered system(non superconducting) at 10 K with 15 um light, they resonantly drive
an in-plane Cu-O stretching mode and observe the emergence of the C-axis Josephson plasma
resonance in reflectivity with the use of THz time domain spectroscopy. The Josephson plasma
resonance would suggest the interlayer coupling of newly formed superconducting planes. By
strongly driving the lattice, the materials energy landscape can be perturbed enough to allow the
system to settle into alternate ground states.

Enhanced superconductivity has also been measured in other cuprates with the use of light
excitation. Enhanced interlayer tunneling has been observed in the bilayer cuprate YBay;Cu3Og 5
after photo-excitation with 15 ym pump pulses[34] as well as the theoretical understanding[54].
In this system the interlayer separation is not equivalent and varies every other plane leading to
two different coupling frequencies. The observation is described by a redistribution of spectral
weight from the higher frequency Josephson plasma mode to the lower Josephson plasma mode.
Rapid melting of the charge order in La;_,Ba,CuO4 with intense near-infrared excitation has
lead to transiently enhanced superconducting properties above and below 7.[52, 10] as seen from
an emergence of a blue-shifted Josephson plasma edge. X-ray studies of LBCO have measured
a weakening of the charge order after photo-excitation on a similar time-scale as the previous
reports, thus supporting the claim of the mechanism of photo-induced superconductivity[41, 51].

While the fundamental pairing mechanism in the high-7, cuprates is not well understood,
it is evident that superconductivity occurs alongside with several other collective modes and

lattice distortions. Whether beneficial or repressive to T¢, using light as a means to control these



competitive ground states offers a promising pathway to furthering our understanding developing

materials with even higher 7,



Chapter 2

Experimental Techniques

2.1 THz time domain spectroscopy

The use of THz spectroscopy has opened many doors in condensed matter physics
allowing for the resolution of low frequency electrodynamics otherwise out of reach by other
measurement techniques such as Fourier-transform infrared spectroscopy (FTIR)[S, 79]. Recent
advances in Ultrafast THz pulses has allowed for the temporal evolution of carrier dynamics at
the femtosecond time scale. This section provides an overview various methods for generating
and detecting freely propagating broadband THz pulses used in the experiments of this thesis.

The basic idea of THz time-domain spectroscopy is to use a near-infrared femtosecond
pulse to generate a single or multi-cycle THz pulse which is then detected with with the use of
another near-infrared pulse through optical rectification described in this section. The temporal
electric field can then be Fourier transformed in order to obtain the frequency resolved spectrum
of the THz pulse. Two techniques of generating low intensity THz pulses used in the work of this
thesis are by use of a commercial photoconductive antenna and difference frequency generation

in ZnTe.

10



2.1.1 Photoconductive antenna

The photoconducitve antenna used was a large aperture TERA-SED™from Laser Quan-
tum. The device contains interdigitated gold electrodes on the surface of a GaAs substrate which
has a band gap of 1.4 eV. Incident ultrafast near-infrared pulses of 1.55 eV excite carriers into
the conduction band which causes a rapid increase in the substrate conductivity and the excited
charges are accelerated across the voltage bias provided by the electrodes. This sudden change
in current dI /dt, occurring over a picosecond timescale, produces far field radiation in the THz
frequencies ideal for spectroscopy[16]. From Larmor’s formula we can see that the power P
radiated from an accelerated amount of charge is given by[36]

2q% (dI 2

where the ¢ is the total charge excited into the conduction band of GaAs and c is the speed of
light.

A schematic of the accelerated electrons producing far field THz radiation is displayed in
figure 2.1(a), while panels (b) and (c) contain a measured THz pulse in the time domain and its
Fourier transform respectively. The bandwidth of a generated THz pulse can be adjusted for the
experimental desires by tuning the bias voltage and incident laser fluence [69, 19]. The THz pulse
in fig. 2.1(b) was tuned to achieve a high amount of spectral content below 1 THz in order to

observe the low frequency JPR around 200 GHz in La; gg5Bag.115CuQO4 as described in chapter 4.

2.1.2 Optical rectification

Another source of THz radiation implemented in our lab is generated via nonlinear optical
processes in crystalline solids. Optical rectification and the Pockel’s effect become apparent when
considering a materials nonlinear interaction with strong electric fields. The polarizability P of a

material is given by the relation

11
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Figure 2.1: THz pulse generation from a photoconductive antenna. (a)Schematic of a near-
infrared pulse exciting electrons into the conduction band of GaAs which are then accelerated
across a voltage potential provided by two gold electrodes. The accelerated electrons emit far
field radiation at THz frequencies through the back of the GaAs substrate. The temporal profile
of the electric field (b) obtained from electro-optic sampling is plotted as well as the Fourier
transform (c).
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P=y(E)E, 22)

where E is the applied electric field and 7 is susceptibility. The polarization of a given material is
proportional to the electric field. In order to understand the nonlinear interactions we can expand

X, in powers of E giving[76]

P=yE+E*+y3E3+ ... (2.3)

The terms contributing to THz generation arise from the second order interactions of the
expansion denoted as P, = y2E?. Here the polarization depends on the square of the applied
electric field or the product of two temporally overlapping fields. Let us consider two optical
fields E; = Epcos(w;t) and E, = Egcos(myt) oscillating at frequencies ®; and ®,. Plugging the

terms into equation for P, we arrive at

P, _ XeEd
» =2 E1Ey = 5 Ccos ((1)1 —|—(D2)l‘ +cos ((x)l — O)z)l‘ . 2.4)

Here the the leading order nonlinear term P; is dependent on the strength of the second order
susceptibility ¥, and we can see that the polarization now also oscillates at two new frequencies
denoted as the difference frequency (®; — ®;) and sum frequency (®; + ®;). The degenerate
case where ®; = m; describes second harmonic generation, but this term does not contribute to
THz generation.

The difference frequency component is responsible for far-infrared THz generation when
mixing two near-infrared photons of slightly different energy. Fortunately, ultrafast femtosecond
near-infrared pulses intrinsically have a bandwidth A® where all the different frequencies within
the pulse mix together to create a broadband THz specrtum. We consider a near-infrared Gaussian

pulse in the time domain to have an electric field profile of the formd
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Figure 2.2: Schematic of setup for near-IR pump THz probe experiment
: T2
E(t) = Ege'®'e 1", (2.5)

where @y is the central frequency and the temporal 1/e? width of the pulse is 1/2/T". The

frequency profile of such pulse determined via the Fourier transform

E(®) o e~ (©=00)7/4T (2.6)

and the bandwidth of the pulse is Aw = /T /2.

2.2 High field THz generation: Tilted pulse front

After the development of the generation and detection of ultrafast THz pulses, there

has been much interest and progress in being able to generate high energy single cycle THz

14



pulses. The advent of intense THz sources has opened new chapter of THz science, allowing
the exploration of non-linear phenomena in materials. The single-cycle nature of THz pulses
presents unique opportunity to expose crystal structures to very large electric fields (~100
kV/cm - 1 MV/cm) without the heating affect normally caused from a dc bias and can act as
an ultrafast electric- or magnetic-field switching operation over the timescale of a few hundred
femptoseconds. Over the past three decades there has been significant improvement in the the
generation techniques[3, 20, 27] which has largely been due to increases in generation efficiency
and material choice. Two review articles by H. Hirori and K. Tanaka [31] and by H. Hafez et. al.
[28] adequately cover the current state of intense THz generation techniques and applications.
A commonly used method for intense THz generation is through optical rectification in
non-centrosymmetric media taking advantage of the second order nonlinear process described in
section 2.1.2. The nonlinear material must be transparent at near-IR and THz frequencies and
bear a high damage threshold in order to withstand intense generation pulses. Another important
consideration is the phase matching condition in the material between the near-IR group velocity
and the generated THz phase velocity. In difference frequency mixing between the two different

near-IR photons, the momentum conservation equation is given by

k(Q) = k(o) —k(02). 2.7)

The wave vector k is frequency dependent upon the index of refraction within a given material.
As the near-IR pulse propagates through the crystal, THz radiation is emitted at each position
and depending on the phase matching condition, may be adding together coherently in phase
or become out of phase over some coherence length L.. The coherence length is define as the
distance a pulse travels for the generated THz to reach a w phase change, leading to destructive
interference.

In the case for ZnTe, the near-IR group velocity and THz phase velocity are equal, enabling

a simple colinear experimental setup and making ZnTe a common and useful source for THz
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generation. Intense THz pulses up to 1.4 uJ in energy have been generated using a large aperture
ZnTe crystal and very high pump enery of 48 mJ[7]. With higher pump fluences, ZnTe is prone
to two photon absorption leading to free-carrier absorption of the THz pulse within the crystal,
necessitating a large beam size to be below the saturation fluence. Although the THz pulse energy
is quite large, it requires the use of very high powered laser systems and large diameter crystals
which can be expensive and difficult to grow.

A better suited material for intense THz generation is LiNbO3. The material has a much
higher damage threshold and is not prone to two photon absorption, allowing higher pump
fluences. However, unlike ZnTe, LiNbO3 has a large mismatch between the near-IR group
velocity and the THz phase velocity leading to a short coherence length and poor conversion
efficiency in a colinear setup. To overcome this obstacle, a tilted pulse front technique was
developed by Hebling et al [29], where the pump pulse continuously generates THz radiation in
phase along the direction of THz output while propagating through the crystal. In order to fulfill
the phase matching condition, the pump and THz pulse’s propagation directions inside the crystal
should make an angle Y= cos ™! (n5;,/ n%l_lz) = 63°, where 2% = 2.25 is the group refractive
index at 800 nm and n%l;h = 4.96 1s the phase refractive index of the THz beam. A diagram of
the tilted pump pulse propagating through the nonlinear crystal is shown in Fig. 2.3(a). The THz
pulse front generated upon entering the LiNbO3 remains in phase with the THz produced as the
pump pulse travels further, thus extending the coherence length and generation efficiency. This
experimental technique has been developed further over the past decade [25, 64, 30, 8] as well as
the theory behind it[59].

The near-IR tilted pulse front is achieved by taking the Ist order reflection from a
diffraction grating. Due to refraction of the tilt inside the crystal, the pulse front is tilted in
air to an angle of ¥ = tan~! (n‘g(r)otan(y)) = 78°. We used a grating with a groove density of
d = 2000 lines/mm which had an incident and diffracted angles 6; = 60° and 6, = 47° determined

by
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Figure 2.3: Intense THz generation using the tilted pulse front technique. Panel (a) shows the
internal geometry of the pump pulse propagating through the LiNbOj3 crystal with a pulse front
angle y with respect to the direction of travel. The arrows show the THz generated towards
the end of travel is in phase with the THz generated upon entering the crystal. Panels (b) and
(c) display the time domain profile and Fourier transform of the THz pulse measured via EO
sampling in a GaP crystal.
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d (sin(@,-) — sin(er)) = my, (2.8)

and the constraint of the tilt angle

sinB; + sinO,

= tam/ , (2.9)
cos0,

where Ay = 800 nm and m = 1. The diffracted pulse then passes through a A/2 waveplate for
vertical polarization and is imaged onto the LiNbO3 surface with a biconvex lens (f = 80mm).
The distance from the grating to the lens and from the lens to the crystal surface is 240 mm and
120 mm respectively given a magnification of 0.5. The pulse is also shaped in advanced of the
grating optic by a pair of cylindrical lens’s with focal lengths f = 100 and —50 mm in order to
compensate for horizontal broadening of the pump pulse in the crystal by a factor of ~ 1/cosy=2.
THz radiation is emitted from the side of the crystal, 117° from the incindent beam’s direction,
and reflected by a mirror and collimated using a f = 120 mm TPX lens. The THz pulse passes
through a pair of wire grid polizers, enabling precise attenuation of the field strength, and focused

onto the sample position with a f = 101.6 mm parabolic mirror.

2.3 Vacuum chamber construction

To study superconductors and other quantum materials requires the controlled use of
cryogenic temperatures. This is usually done within a specially designed cryostat to hold the
sample under vacuum and regulate the flow of liquid nitrogen and helium. Issues arise when using
standard cryostats when performing optical measurements covering a broad range of wavelengths
because the light must transmit through a window going from the table to the sample and back
through the window to be measured. Many times we would like to be able to probe with THz

light and pump with a variety of wavelengths covering THz to mid-infrared to near IR or visible.
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There is simply no material for a window that does this well at all wavelengths. One way around
this is to build a vacuum chamber to house the sample as well as the THz generating optics. A
larger chamber will also allow the use of multiple windows for different pump and probe with
materials specifically chosen to give the most transmission at that wavelength. With the THz
generated and detected inside of the vacuum chamber, there is an added benefit to no loss in
signal through a window or absorption from air inside the chamber.

This of course comes with added complications. With such a large volume, achieving and
maintaining a suitable vacuum for cryogenic temperatures becomes problematic, especially when
the chamber is filled with optics which outgas under low pressure. We decided to pursue this
endeavour and design a vacuum chamber that could house all the optics for THz generation and
detection as well as high field-THz generation via the tilted pulse front technique described in
the previous section. We constructed a chamber 58.4 cm long by 39.4 cm wide and 22.9 cm tall
which was milled out of a solid piece of aluminum (to avoid leaks through welded seems) and
has an internal volume of ~ 36.5 L.

Initially we had the entire chamber anodized in black to improve safety by avoiding stray
beam reflections off of a smooth metallic surface. We quickly learned that anodized surfaces
outgas at a much higher rate than bare aluminum since the surface is essentially porous with
microscopic holes which trap oils and water moisture only to be slowly released under low
pressure. After several trips back and forth to the machine to machine shop to mill off the internal
anodized surface and installing a larger turbo pump, we were finally able to reach low enough
pressures for experiments . We use a 300 1/s turbo pump which is attached directly to the side
wall of the vacuum chamber and are able to achieve pressures ~ 2x10~% mbar after pumping on
the pumping on the system overnight. The cryostat used is a modified LT3 model from Advanced
Research Systems mounted on a x-y-z stage and is secured to the chamber via a metallic bellow
which allows precise movement of the sample position. Figure 2.4 shows the internal optics

within the vacuum chamber and external mounting system of the cryostat and turbo pump. We
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have found that the vibration from the pump has a negligible effect on the sample position and

noise of the measurement.
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_ Generation
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Figure 2.4: Vacuum chamber housing the THz spectroscopy experiment. (Top) Internal optics
used for generating and detecting THz pulses as well as multiple beam paths setups for different
pump configurations. (bottom) Vacuum chamber sitting on optical table with turbo pump and
cryostat attached.
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Chapter 3

Time domain THz spectroscopy analysis

3.1 Layered Model

The photo-induced change AE(¢,7) in the reflected electric field was measured at various
pump probe time delays T, over the temporal window ¢ of the THz pulse. The quantity AE(z,T) =
E pumped (t,T) Es unpumed (¢, T) Was acquired at each delay time T by using a lock-in triggered by
the modulation of the pump pulse with a mechanical chopper. The unpumped electric field was
measured 40 ps before the arrival of the pump pulse.

The raw photo-induced changes AE measured in the reflected field require further pro-
cessing to extract the complex optical properties of the excited region. The penetration depth
mismatch between 800 nm pump (~400 nm) and THz probe (~100-300 um) results in a relatively
small change in AE (~1-3 %) after photo-excitation and is considered when modeling the THz
response. We model the photo-excited region as a thin layer with a thickness of d =400 nm on
top of an unperturbed bulk containing the material properties of the sample in equilibrium before
the arrival of the pump pulse. The total complex reflection coefficient 7ot (®) from the layered
system is the summation of all internal reflections displayed in Fig. 3.1 and can be expressed in

closed form as: [18]
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Figure 3.1: Schematic drawing of thin layer model. In this model the thin excited layer sits on
top of the bulk crystal containing the equilibrium optical properties.

_ ro1 +ri2e'?®

rtOt(O*)) = m (31)
2nd

5= % n? — sin, (3.2)

where 79; and 7> are the reflection coefficients from the front and backside of the excited
layer, respectively, and A is the THz wavelength. The phase accumulation as the THz pulse
travels through the excited layer is given by 8. The complex reflection coefficient 7, (®,T) was

determined from the experimentally measured quantities AEs(®,7) and E(®) using the relation

L AE
T'tot = ”eq(m) {ETS + 1}

N

(3.3)

were 7(®) is the equilibrium reflection coefficient. A numerical solution to the above Fresnel
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equation was found, returning a value for the complex index of refraction 7i; (®,T) of the excited

layer. We calculate the complex conductivity of the photo-excited layer

&(w,1) = 4%1 [711(@,7)% — €] (3.4)

using €. = 4.5 as a standard value for the cuprates.
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Chapter 4

Photo-enhanced metastable c-axis
electrodynamics in stripe-ordered cuprate

La; ggsBag.115Cu0y

4.1 Introduction

High-temperature superconductivity in the cuprates can coexist or compete with a multi-
tude of other phenomena, including charge and spin order, pair density waves, and the pseudogap[73,
47, 12, 15] all of which have observable signatures in the linear or transient electrodynamic
response[5]. A key question for the cuprates is the extent to which the underlying interactions can
be manipulated to alter the macroscopic properties. Ultrafast pump probe spectroscopy provides
a unique means to initiate and interrogate non-equilibrium dynamics and property control in
superconductors[26, 49].

Evidence of transiently enhanced interlayer tunneling has been reported in several cuprates
following selective phonon pumping[21, 34, 54] or intense near infrared excitation[52]. In these

experiments, the c-axis Josephson plasma resonance (JPR) serves as a reporter of the interlayer
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tunneling which, in general, scales with the superfluid spectral weight[67]. Upon applying
intense near infrared pump excitation starting above the transition temperature 7t, Nicoletti et.
al. observed a blueshift of the plasma resonance relative to the below T; equilibrium response.
The plasma resonance decayed after several picoseconds and was interpreted in terms of transient
superconductivity[52]. Similar dynamics were subsequently observed in both Lay_Ba,CuQOg4
and YBa;CuszOg, over a range of doping levels and excitation conditions. More recently, in
La;_,Ba,CuO4 (x =0.095), a longer lived (> 50 ps) collective response was observed subsequent
to photoexcitation at 7 < 7; in which the JPR appeared to split into two distinct longitudinal
modes[80], reminiscent of the static electrodynamic response in bilayer cuprates[74, 63, 39].
Further no pump-induced effect was observed above 7;.. Notably, the x = 0.095 material does not

exhibit robust charge or stripe order[35].

4.2 Methods

In this report, we clarify the details of the photoinduced order parameter control in the
cuprates, by performing temperature and fluence dependent c-axis measurements on materials
with equilibrium signatures of phase competition. We present near-infrared pump, THz probe
experiments of La;_,Ba,CuO4 (x = 0.115), for which we observe distinct dynamics above and
below 7.. The doping x = 0.115 is close to the anomalous x = 1/8 composition where 3D
superconductivity is maximally suppressed by robust charge and stripe order[47],[42, 24, 72].
At x = 0.115, charge order, spin order and 3D superconductivity onset at T¢, = 53 K, T, = 40
K, and T; = 13 K, respectively[35]. In this compound 7; is high enough to enable initiating
dynamics from within the superconducting state. The La; ggsBag.115CuOy4 crystal was cut and
polished to expose the a-c plane with a large area of 5 mm x 5 mm. Temperature dependent
FTIR measurements were carefully performed to provide a baseline static characterization of the

electrodynamic response.
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The c-axis properties were probed with broadband THz pulses generated from a com-
mercial GaAs based photo-conductive antenna using incident light from a 1 kHz Ti:Sapphire
regenerative amplifier. The THz pulses produced have a usable bandwidth from 0.15-2 THz
which allowed a measurement of the equilibrium Josephson plasma resonance (JPR) near 0.2
THz for x = 0.115 doping. A schematic of the optical pump-THz probe measurement in reflection
is shown in Fig. 2.2 in chapter 2.

The probe pulses were focused onto the sample at an incident angle of 30 degrees with
the electric field polarized along the c-axis. The THz pulses were collected after the sample and
measured via electro-optic sampling with an 800 nm gate pulse in a 2mm thick ZnTe crystal.
The LBCO crystal was photoexcited with 100 fs, 800 nm wavelength pulses, polarized along the
c-axis with a beam diameter of 6 mm FWHM to ensure a uniform excitation across the sampled
region.

The equilibrium c-axis reflectivity above 7. was characterized with broadband FTIR
measurements at 30 K which is displayed in Fig. 4.1. The equilibrium complex index of
refraction 7i(®) was determined by fitting the reflectivity curve with Drude-Lorentz oscillators
placed at known IR phonon frequencies[33]. The fit was accomplished using the software package
RefFIt™ and is shown in Fig. 4.1. A small Drude component was added to give a dc conductivity
o1(w=0) ~3Q 'em! at 30 K to match previous transport measurements[33, 37].

The reflection coefficient of a material is given by #(®) = Es(®)/E;(®) where Ey () is
the electric field reflected off the sample and £;(®) is the incident field. By measuring the THz
waveform E;(t) via electro-optic sampling, we take the Fourier transform to obtain £;(®). The

reflection coefficient was then determined at 7 K by measuring ES77K((0) and using the relation

4.1)

The static and dynamic reflectivity of LBCO were measured as a function of temperature

and fluence using terahertz time-domain spectroscopy (0.15-2 THz). As shown in Fig. 4.2(a),
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Figure 4.1: (a) c-axis reflectivity FTIR data taken at 30K with fit plotted as the red curve.

(b) Time domain profile of THz pulse reflected from the sample at 30K and 7K. (c) Fourier

transform of the time domain pulses in panel (b).
both the near-infrared pump (1.55 eV) and the THz probe pulses are polarized along the c-axis.
The static THz reflectivity is plotted in Fig. 4.2(b), showing a flat response at 30 K (grey line,
with a slight upturn below 0.5 THz). In the superconducting state (7K, blue curve) a sharp

reflectivity edge emerges around 200 GHz, a hallmark of the inter-layer JPR effect in agreement

with previous studies for this doping[52].

4.3 Results

For the dynamics measurements, we first performed one-dimensional scans, where the
photoinduced change in the peak electric field of the single-cycle THz pulse (AE/E) is mea-
sured as a function of pump-probe delay. This raw unprocessed data unambiguously highlights
important features of the electrodynamic response. Figure 4.2(c) plots one-dimensional scans
(AE /E peak scans) for various fluences, starting from an initial temperature of 7K, well into the

superconducting state. The dynamics exhibit a long-lived response with an initial risetime of
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Figure 4.2: (a) Schematic of the 1.55 eV pump THz probe experiment on LBCO crystal with
pump and probe polarization along c-axis. The illustration depicts the superconducting state
with cooper pairs tunneling along the c-axis. (b) Equilibrium THz reflectivity above and below
TC at 30 K and 7 K, respectively. The dotted line is beyond our experimentally accessible
spectral range and is a guide to the eye. (c) Time dependent relative change in the THz electric
field amplitude after excitation at various pump fluences (at 7 K). (d) Temperature versus hole
doping phase diagram of La;_,Ba,CuQy4 (reproduced from Ref. [35]). Regions of the phase
diagram include bulk superconductivity (SC) at onset temperature Tc, spin ordering (SO) at
temperatureTy,, charge ordering at T;,, and low-temperature structural transition TLT. The initial
temperature at 7 K for x = 0.115 is plotted in red, and the color dots mark the estimated lattice
temperature after pump excitation and e-ph thermalization has occurred (colors corresponding
to pump fluences shown in panel (c)).
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several picoseconds. The magnitude of the AE /E signal slightly increases from 50 to 100 uJ/cm?,
followed by a strong decrease in amplitude at higher fluences up to 760 w/cm?. The observed
fluence dependence indicates dynamics that are distinct from a photoinduced decrease in the
condensate density with a commensurate increase in the quasiparticle density. In that scenario,
AE /E would increase in magnitude with increasing fluence.

Calculations using the two-temperature model of the initial electron-phonon (e-ph) ther-
malization (see SI Appendix, section S3 for details) indicate a rise in the final temperature that
increases with fluence (after several picoseconds when the plateau in the data in Fig. 4.2(c)
is reached). Figure 4.2(d) displays the phase diagram of LBCO (reproduced from Ref. [35])
with color coded dots (corresponding to the fluences used in Fig. 4.2(c)) indicating the final
temperature after thermalization. Clearly, the amplitude of AE/E decreases with increasing
fluence as T, is approached after the initial e-ph thermalization. This indicates that the strongest
photo-induced response occurs for fluences that do not heat the sample above T¢,. We refer to
50 380 uJ/cm? as the low fluence regime where the quasi-equilibrium temperature stays below
T.,. The data in Figs. 4.3 and 4.4 reveal that the dynamics are dramatically different for low-
and high-fluence (>380 uJ/cm?) regimes spanning T¢,. The difference in dynamics is evident in
Fig. 4.21(c), where the 760 uJ/cm? data exhibits an exponential decay in contrast to the plateau
apparent in the low fluence data.

We now discuss the full spectroscopic response of the dynamics, considering first low
fluence optical excitation of LBCO (100 uJ/cm?) obtained starting from an initial temperature of
7 K. The optical properties of the photo-excited region were extracted using a layered model to
account for the penetration depth mismatch between the pump and probe beams (see SI Appendix,
section S2). Figure 4.3(a) shows the photoinduced reflectivity (blue curve at 10 ps, red curve
at 300 ps), revealing a large reflectivity increase extending out to 1 THz, corresponding to an
increase in the plasma frequency from 0.2 to 0.9 THz. This is more clearly revealed in Figs. 4.3(b)

and (c) showing the loss function -Im(1/€) (where € = € + i€, is the c-axis dielectric response)
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Figure 4.3: Extracted c-axis THz optical properties of LBCO at different pump-probe delays
after photo-excitation (colored) with 100 uJ/cm? and at equilibrium (grey). All data has been
taken at 7 K below T; except for the green curves in panels (a) and (f) which were taken at 20 K.
(a) Reflectivity at 7 K before (grey) and after photo-excitation (colored) at different pump-probe
delays. Plotted in green is the equilibrium (dotted) reflectivity and largest photo-induced change
(solid) in reflectivity at 20 K. (b) Loss function -Im(1/¢). Dashed grey line is beyond our
spectral resolution and is a guide to the eye. (c) Spectral evolution of the loss function after
photo-excitation. (d)-(e) Real and imaginary parts of the THz conductivity. (f) Peak of AE /E
THz transient after photo-excitation at 7 K and 20 K.

31



which peaks at the plasma frequency. Importantly, there is no sign of decay of the photo-induced
state over the measured temporal window, indicating a metastable state that persists beyond 300 ps.
Figure 4.3(d) and (e) show the associated c-axis optical conductivity (¢ = 61 + i0>) highlighting
an important observation. Namely, there is a peak in 67 at 0.3 THz signifying dissipation in
the c-axis THz transport. In contrast, in equilibrium for a superconductor, ¢ at frequencies
greater than zero but less than twice the superconducting gap approaches zero (solid grey line in
Fig. 4.3(d)). This origin of the peak in 67 arising after photoexcitation will be discussed below.
Finally, the solid green line in Fig. 4.3(a) shows the spectral response at 10 ps delay for a fluence
of 100 pJ/cm? taken at an initial temperature of 20K that is, above T.. There is an increase in the
reflectivity, arguably with the development of a weak plasma edge. However, as shown in Fig.
4.3(f), the response is much smaller and shorter lived in comparison to dynamics initiated from
within the superconducting state. In short, the emergence of a robust metastable state upon low
fluence photo-excitation requires starting from the superconducting state while remaining below
T., after e-ph thermalization.

To complete the data discussion, we now consider the high fluence dynamics. Figure 4.4
shows the spectroscopic results for high fluence excitation at 9 mJ/cm? which leads to a final
temperature greater than 7T¢,. Fig. 4.4(a) reveals an increased reflectivity starting from an initial
temperature of 30 K. At early times a broad peak emerges in the loss function (shown in Fig.
4.4(b) and (c)) that rapidly broadens and decays on a 10 ps timescale. There is a corresponding
increase in 61 and o7 (Fig. 4.4(d) and (e)), though there are no well-defined peaks as for the
low fluence results. Fig. 4.4(f) reveals the rapid decay in the transient AE /E with 9 mJ/cm?
excitation, with the inset showing a saturation of the dynamics with increasing fluence. The
plateau in the AE /E scans following the initial exponential decay is presumably associated with
heating, leading to a broad and featureless optical conductivity from 0.1 1.5 THz. The broadened
plasma edge that appears after the arrival of the pump pulse is qualitatively in agreement with

the previous study by Nicoletti et. al.[52]. Given the relatively small value of o7, this could
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Figure 4.4: Extracted c-axis THz optical properties of LBCO at different pump-probe delays
after photo-excitation (colored) with 9 mJ/cm? and at equilibrium (grey). All data taken at 30
K above T and below T,. (a) Reflectivity and (b) loss function, -Im(1/€) at different pump
probe delays. (c) Spectral evolution of the loss function after photo-excitation. (d)-(e) Real and
imaginary parts of the THz conductivity at different pump probe delays. (f) Time dependent
relative changes in THz electric field after photo-excitation. The inset displays the maximum
AE /E value at 30 K as a function of pump fluence.

indicate the presence of enhanced superconducting correlations associated with the unambiguous

transient blueshift of the plasma frequency. Summarizing, the high fluence transient response

evolves at temperatures above T, and is short lived, in contrast to the low fluence metastable

results presented in Fig. 4.3, implying that the two features correspond to distinct states.

4.4 Discussion

We now discuss the origin and nature of the low fluence photoinduced metastable electro-

dynamic response (Figure 4.3). For 100 uJ/cm?, the temperature following e-ph thermalization

is 35 K. In equilibrium, 35 K is within the charge ordered, non-superconducting region that is

spectrally featureless at THz frequencies. In contrast, the low fluence metastable state produced
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by c-axis excitation exhibits unique spectroscopic features in the loss function -Im(1/¢) (Fig.
4.3(b) and (c)) and conductivity (Fig. 4.3(d) and (e)) that are indicative of a non-equilibrium
metastable state. Importantly, the plasma frequency (®,) is blueshifted by a factor of 4.5 upon
photoexcitation (from 0.2 to 0.9 THz) corresponding to an increase of the low energy spectral
weight (X) by a factor of 20 (i.e., X o< 0)12)). This is a robust observation, independent of the
microscopic origin of the electrodynamic response. Additionally, the spectral weight must origi-
nate from energies beyond the 1.5 THz regime probed here because the equilibrium condensate
spectral weight (Fig. 4.5(a)) is far too small to account for the factor of 20 increase. A change
in the c-axis response may also arise from structural distortions affecting interlayer coupling
independent of a change in the in-plane superfluid density[66]. Although our measurements are
not directly sensitive to structural distortions, we estimate the metastable phase to be at 35 K
which is still below the low temperature orthorhombic to tetragonal transition occurring at 53
K[33]. As such, this is not likely to be the cause of the increase in X. We next show that a more
likely scenario for the increase in X is photoinduced collapse of charge/stripe order whereby
spectral weight originally at energies above the CDW gap scale is made available for enhanced
c-axis transport.

A well-known approximate scaling relationship (valid for both c-axis and ab-plane) for the
cuprates is pg = 12004, T, where pg is the superfluid density (o< 0)12)) and oy, is the zero frequency
conductivity measured just above 7;[32]. Figure 4.5(a) shows the product 64.7; versus pg for x =
0.115 doping measured in this study, and for x = 0.95 and x = 0.145 taken from Ref. [33]. For x =
0.115 at 7 K, the JPR appears near the renormalized superconducting plasma frequency 0)%, =6.7
cm™! (200 GHz). The unscreened plasma frequency is given by ®p = (o{)\/a (€ ~ 30) giving a
superfluid density po = 0)% = 1.3x10° cm~2 (This is taken to be very near the superfluid density
at T = 0 K). The conductivity just above T, = 13 K is taken as 64, ~ 0.8 Q lem™!, estimated
from transport measurements on a similar doping of x = 0.1124. As seen in Fig. 4.5(a), the x

= 0.115 doping is consistent with py = 12004.7; plotted as a dashed line. We now extend this
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Figure 4.5: (a) Plot of the superfluild density s versus the product of the zero frequency
conductivity (64c) and the superconducting transition temperature 7 for several dopings of
LBCO (dc is the conductivity measured just above the superconducting transition). The values
for x = 0.95 and x = 0.145 were taken from Ref. [33]. The dashed line is the universal scaling
relation for cuprates ps = 12064, 7. found by Homes et. al. [32] (b) Schematic of anisotropic
effective medium theory along the c-axis with regions of different dielectric constants €; and €,
and filling fractions f; and f, respectively. The superconducting volume is depicted with dark
ellipses and the transformed region is in blue. (c¢) Real (red) and imaginary (blue) parts of the
THz conductivity after photo-excitation with 100 uJ/cm? at 7 K. Experimental data is plotted
with dots and the effective medium model with solid lines.

concept to the photoinduced metastable state which, as described above, exhibits a large increase

in spectral weight.

From the photoinduced blueshift of the plasma edge (@} ~ 0.9 THz or 30 cm™!) it is

possible to determine the photoinduced density pe. This estimate from experimental data gives
Pe = 2.7x10* cm~2, yielding p./po ~ 20 as mentioned above. We now assume the validity of
the scaling relation pe = 1206.,7, Where G, ~ 3 Q lem!is the conductivity just above the
charge ordering temperature (7t = 53 K). From this we obtain pe /po ~ (GcoTto)/(OdcTe) ~ 15, in

reasonable agreement with experiment. The product 6.,7¢, is plotted in Fig. 4.5(a) as a red data
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point and lies on the dashed line given by ps = 12064, 7. This suggests that c-axis spectral weight
initially tied up in charge order is released upon photoexcitation leading to the blueshift of the
plasma edge. We note that the precise microscopic reason for the photoinduced collapse of charge
order upon c-axis interband excitation is not understood and is a topic for future investigation,
beyond the scope of the present study.

The peak in the loss function cannot be simply described as an enhanced plasma edge with
increased interlayer tunneling arising from the collapse of the charge order. This is because we
have a peak in 01 at a non-zero frequency (Fig. 4.3(d)). In principle, two inequivalent junctions
(with different inter-layer spacing) do yield two distinct longitudinal JPRs at different frequencies.
For example, Sm doped La,_,Sr,CuO4 (LSCO), is composed of a stack of inequivalent Josephson
junctions. Out of phase oscillations of the two longitudinal modes result in a transverse mode
with a resonance frequency intermediate to the two JPRs with a corresponding peak in 61[39, 75].
In such a case, the spectral weight would be associated with a pure superfluid response, which
is certainly intriguing since our LBCO sample is (as discussed above) at 35 K following e-ph
equilibration (i.e. ~ 2.7T;). It is, however, not clear how photoexcitation could lead to uniform
creation of a well-defined microscopic bi-layer structure, though spectroscopic aspects of this are
present in the non-charge ordered LBCO (x = 0.095)[80]. However, for x = 0.115, charge order
collapse plays a dominant role as described above. As such, we consider an alternative scenario
based on photoinduced mesoscopic inhomogeneity.

The simplest effective medium theory for an anisotropic layered crystal (appropriate to
c-axis cuprates) is schematically depicted in Fig. 4.5(b) where regions are transformed into a
metastable state (blue) while others remain untransformed (dark ellipses). The domain boundaries
of the two different phases are along the a-b plane giving rise to regions with differing c-axis
coupling strengths. The dark horizontal stripes represent the insulating barriers between CuO;
planes which give rise to the Josephson effect along the c-axis. The effective dielectric response

eff is given as 1 /e.¢ = f1/€1 + f2 /€2 where f] and f; are the volume fractions corresponding to
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regions with complex dielectric function €; and €;, respectively[50]. Taking f] as the supercon-
ducting volume fraction (having the 7K equilibrium response), and f> as a Drude response (with
a finite scattering rate of 0.36 THz) yields the fit to the experimental data shown in Fig. 4.5(c).
For additional details regarding the model and fit we refer the reader to SI Appendix, section
S4. Notably, the peak in 67 corresponding to a photoinduced transverse mode is accurately
reproduced with this model taking f; = 0.02 & 0.01 and f, = 0.98 4 0.01. While the general
features of o, are reproduced by the effective medium model, an exact fit was not possible. We
note that errors in extracting 6, from experiment are generally more difficult in comparison to G
as this depends sensitively on changes in phase of the terahertz pulse.

Taking the fits as representative of the photoinduced state leads to some interesting
conclusions. First, the preponderant component consisting of a Drude response is consistent with
the picture presented above that the pump destroys the charge/spin order. Second, a small but non-
negligible superconducting volume fraction (~2%) is required to obtain the spectral response in
Fig. 4.5(c). This indicates that even though the temperature is more than two times greater than the
equilibrium 7¢, regions of superconductivity persist. Furthermore, the Drude response (associated
with f) is anomalous as it exhibits a small scattering rate of 0.36 THz. This is surprising for
a non-superconducting c-axis response and has not been observed in the equilibrium c-axis
response for any cuprate material. We suggest that the origin of this enhanced response arises
from incipient superconducting correlations that enhance the c-axis conductivity as has been
theoretically discussed[2, 60]. This is consistent with the experimental observation that the
observed metastability requires starting from an initial superconducting state and that a non-zero
superconducting volume fraction persists after photoexcitation. Previous pump probe studies on
the cuprates have also observed long-lived dynamics after photo-excitation of the superconducting
state, although the fluence dependence differs from what we have observed[78, 43, 44]. In
these studies the slow relaxation rate of the quasiparticles is described by a persistent phase

separation along the CuO; planes which may be a general feature in the cuprates and responsible
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for the long-lived state we observe. It will be important to pursue comparative experimental
studies as a function of doping and excitation fluence gain additional insight into the nature of
the metastability we have observed in LBCO. Such studies will also benefit from theoretical

investigations of the origin of metastability in materials with competing order32.

4.5 Conclusion

In summary, low fluence photo-excitation favors the establishment of a novel long lived
state with superconductivity playing an important role. Additional experiments are required
to fully characterize the observed metastable response and the effective medium description of
mesoscale inhomogeneity that includes a superfluid response. Our results raise crucial theoretical
questions including the origin of the superconductivity and the physics and surprisingly long
lifetime of the metallic state. The observed long lifetime bodes well for performing additional

experiments, including time-resolved nanoscopy to spatially resolve the photoinduced state.

4.6 Effective medium model

We model the photo-excited layer in LBCO as inhomogeneous where regions are trans-
formed into a metastable state while the remaining stays untransformed. The most simplified
model is depicted in figure 4(b) of the main text where domain boundaries of the two phases are
along the a-b plane. If the typical length scale of the inhomogeneity is much smaller than the
thickness d of the photo-excited layer, one could treat the latter as a 3D uniform medium whose
dielectric function along the c-axis is described by the effective medium formula[50]

L_fi p

“4.2)
it €1 €2

where €, is the effective dielectric function and
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are the dielectric functions of the original and transformed regions with corresponding volume
fractions fj and f, respectively. Equation 4.3 describes the optical conductivity of a Josephson
array embedded in a dielectric environment €., with ®;; being the strength of the equilibrium JPR
and o; the dissipative interlayer tunneling conductivity. The transformed region is described by a
Drude type response in Eq. 4.4 with plasma strength ®, and scattering rate .

The experimental data (red and blue dots) and effective medium model (solid curves)
are plotted in Fig. 4.6 in terms of the optical conductivity. The values of the parameters used
in the model are: ®j; = 1.8 THz, 6, =0.38 Q" 'em™!, i =0.22, ®» = 1.45 THz, y, = 0.26
THz, f> = 0.978 and €., = 30. The difference in filling fractions suggests that most of the excited
layer is transformed but a small remaining superconducting fraction is necessary to match the
experimental results. The dashed lines in Fig. 4.6 are the model plotted with a 4+-1% difference in

filling fractions which is taken to be the error on f1 and f5.
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Chapter 5

Nonlinear c-axis measurements in
La, ,Sr,CuQy4: Third harmonic generation
and Josephson plasma

resonance-metamaterial coupling

5.1 Introduction

In recent decades the technological advancements in time-domain spectroscopy have
opened up new avenues of studying quantum materials, especially superconductors with low
energy excitations [5, ?]. With the use of low energy THz light, we are able to directly probe the
response of quantum materials and observe how they react upon excitation. The advancement of
generating intense THz pulses has also created a means to measure pump or probe nonlinearities
in materials. The past several years has seen much research utilizing nonlinear THz spectroscopy
to observe Higgs mode oscillations in BCS superconductors. Where light couples non-linearly to

the Higgs mode of the superconducting condensate and pseudospin prescession with twice the
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pump frequency[49, 48, 11, 57, 2, 2, 13]. One can think of linear measurements only being able
to capture a fraction a materials full response.

The development of metasurfaces or metamaterials interacting with matter, typically
consisting of arrays of split ring resonators, has also attracted much attention over recent decades
and has opened up avenues to study light-matter coupling [?, ?, ?] and can be fabricated on
a wide variety of materials. Metamaterial fabrication has evolved as well, allowing the pos-
sibility of printed flexible polyimide tapes which can easily be applied and removed from a
materials surface[70]. Jacob Schalch er. al. [62] have applied metamaterial tapes to c-axis
Laj ggsBag 15CuO4 (LSCO) and demonstrate coupling between the Josephson plasma resonance
and the metamaterial resonance. In essence, this report is a continued effort to observe strong
coupling int LSCO. We utilize the combined effect of intense THz fields and improved metamate-
rial construction, decreasing the distance from metamaterial to LSCO by a factor of 10. First,
a systematic nonlinear THz study of bare LSCQO’s c-axis response is measured using THz time
domain spectroscopy techniques discussed in chapter 2. We observe significant third-harmonic
generation as a result of the higher order nonlinear effects of the Josephson effect. Then measure

the response of the LSCO-metamaterial coupling by applying the newly developed tapes.

5.2 Methods

In this report, we use THz time domain spectroscopy to study the nonlinear response of
cuprate superconductors LSCO and LBCO. The intense THz radiation is generated via optical
rectification of a near infrared pulse inside a Mg-LiNbO3(LNO) crystal using a tilted pulse
front technique which is described in chapter 2. We use 3 mJ pulses from a 1kHz regenerative
Ti:sapphire amplifier incident on a LNO crystal to generate THz pulses at the sample position
with energies of 2 uJ. The THz output from the LNO crystal surface is then collimated in a PTX

lens (f = 120 mm) and focused onto the sample with a parabolic mirror (f=101.6 mm) with an
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angle of incidence of 15° (s-polarized) and a beamsize of 2.3 mm FWHM. Before reaching the
sample, the THz passes through a pair of wire grid polarizers (WGP) which are used to attenuate
the THz field intensity down to roughly 2% of the maximum, and this has little affect on the
temporal profile and spectrum of the THz as is attenuated. The maximum field strength achieved
at the sample is ~ 80 kV/cm with this experimental setup. The reflection off the sample surface is
collected and collimated and focused (f = 54.45 mm and f = 50.8 mm respectively) onto a 300
um thick (110) GaP crystal for EO sampling. The GaP crystal is mounted on a 2 mm thick (100)
GaP cut crystal, which helps push the etalon reflected from the back crystal surface to a later
arrival time. The (100) crystal cut does not produce optical rectification for normal incidence
but index matches the (110) cut minimizing internal reflection. Roughly 1% of the pump beam
is split off and used for gating the THz pulse in the GaP crystal. A detailed schematic of the
experimental setup is shown in Fig. 5.1.

The crystals studied were cut and polished to expose the a-c plane and oriented for THz
measurements parallel to the c-axis. Both single crystals La; g5Srg.15CuQO4 and La; ggsBag.115CuOq4
were grown via a traveling-solvent floating-zone method[68] and have a surface size roughly
3mm x 3mm and Smm x Smm, respectively. The c-axis reflectivity measurements were performed
by taking time domain scans of the electric field E;(r) reflected off the sample and E,(¢) reflected
from a gold mirror at the sample position as a reference. The reflectivity is then obtained by
calculating R = |E;(0)/E,(®)|*> were E;(®) and E,(®) are the respective Fourier transforms of
the time domain scans. Measurements were performed over temperatures above and below 7,
and for several field strengths which are presented in section 5.3.

The metamaterials applied to the crystal surface were fabricated onto a sort of flexible
polyimide tape” which can be easily removed and reapplied to another surface, which allows
us to examine different metamaterial designs on the exact same crystal. The ability to do so,
eliminates any deviations in sample quality while performing a parameter sweep of metamaterial

design. The development and use of metamaterial tapes has been demonstrated successfully as
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Figure 5.1: Experimental schematic of high field THz time domain spectroscopy setup. The
intense THz pusle is generated in a LiNbOj3 crystal using a tilted pulse front technique and

detected in a GaP crystal.
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a THz absorber[70] and coupling to the JPR in LSCO [62]. Recent development in fabricating
the tapes has allowed the metamaterial resonator itself to closely space from the sample surface
by only 200 nm, opening the door to the strong coupling regime. The fabrication of the flexible
structures begins by spin coating an 8 um thick layer of liquid polyimide onto a silicon wafer to
act as a support. The wafer is then placed in a oven and cured for 5 hours at 350° C in an nitrogen
atmosphere. An array of split-ring resonators ~200 nm thick is patterned on top of the polyimide
surface using direct laser writing. Our goal here is to place the resonator at a very small but
finite distance from the superconducting surface as to not short out the gap, so the tape is coated
again with another 1 ym layer of polyimide to act as an insulating layer. Spin coating alone
offers poor precision in the thickness of the deposited layer, so the top 1 um coat is etched away
leaving the final polyimide surface only 200 nm from the metamaterial layer. The polyimide tapes
were adhered to the polished crystal surface by depositing a few drops of methanol and carefully
orienting and placing the tapes on top. A clean g-tip was then used to flatten the tape for uniform
contact with the surface, and waiting several minutes for the methanol to dry. Once dried, the
metamaterial tape was adhered to the crystal surface and could be mounted into the experimental
setup. Any surface defect or contamination can affect the uniformity of the tapes distance to
the crystal surface which will directly affect the coupling (distance) of the metamaterial to the
samples resonances.

The metamaterial structures were designed and simulated using CST-microwave studio
software, which uses a finite difference time domain method to solve Maxwell’s equations[77, 65]
allowing for temporal and frequency resolved response of an initialized material or hetero-
structure. The metamaterials used in this experiment were designed to have a strong resonance
near 0.65 THz when sitting on the superconducting surface of LSCO at 10 K. The resonance is
also accompanied by a large field enhancement of Ejjcigent(®) Within the capacitave gap. The
in-gap field enhancement, shown in Fig. 5.2(a), peaks at the metamaterial resonant frequency and

reaches a enhancemnet factor of ~ 60 at 0.65 THz which also coincides with the peak intensity
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Figure 5.2: (a) THz field enhancement within the metamaterial’s capacitive gap as a function of
frequency (blue curve) measured just above superconducting LSCO at 10K. The enhancement
is calculated in the time domain simulations done in the CST software. The dashed curve
is the THz spectrum for comparison. (b) Microscopic image of the actual patterned array of
metamaterials on the polyimide tape. (c) Diagram of a unit cell structure with dimensions of the

gap.
of the THz pulse plotted as a black dashed line. Figure 5.2(b) and (c) show a microscope image
of the patterned array within the polyimide tape and a schematic diagram of the metamaterial unit

cell respectively.

5.3 Results

5.3.1 La, ,Sr,CuQy c-axis reflectivity

We begin by first looking at the the measurements performed on the bare Lay_Sr,CuO4
crystal. The c-axis THz reflectivity is plotted in Fig. 5.3(a) for several temperatures above
and below 7. = 38 K, and we can see a clear plasma edge form and sharpen with decreasing
temperature from 32 K to 10 K coinciding with an increase in superconducting carriers. The low

temperature plasma edge ®,(10 K) ~1.7 THz is in agreement with previous c-axis measurements
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of x = 0.15 doping [67, 17]. Figure 5.3(b) shows the plasma frequency ®,(7") normalized by the
low temperature measurement ®,(10 K) and scales as the typical Ginzburg-Landau behavior for
a second order phase transition(dashed line).The inset of Fig. 5.3(b) displays the loss function
-Im(1/€) at each temperature.

We note that for frequencies below ), the reflectivity is ~90% whereas a typical plasma
edge approaches unity reflection as @ — 0. We attribute this deviation to a beamsize issue, where
there may slight clipping of the focused THz beam on the sample, which translate to less reflected
THz compared to off of the gold reference mirror. This effect is greater for lower frequencies
since the focused THz beam diameter d is frequency dependent according to the diffraction limit
d =< (Lf)/D where A is the wavelength of light, f is the focal length, and D is the collimated beam
aperture. The reflectivity at 45 K is also slightly decreasing for frequencies @ > 1.5 THz which
differs from a rather flat reflectivity curve measured above 7, in previous measurements[67]. This
could be a result from imperfections in the surface smoothness, causing the higher frequencies of
THz to scatter off the surface slightly more.

When probing the c-axis response with higher electric field strengths the nonlinear
material properties become apparent. Figure 5.4 displays the measured c-axis reflectivity of
La; g5Bag.15Cu0y at several field strengths up to 80 kV/cm. There are two main features observed
in reflectivity which are changing with increasing field strength: a redshift in the Josephson
plasma frequency and increased reflectivity above the plasma edge. These features can be further
understood by examining the higher order terms in the phase dynamics phase dynamics of layered
superconductors described by the Josephson equations[61, 45].

In a layered superconductor, the interlayer phase difference 6(z) changes over time

according to the second Josephson equation

00(¢)  2edE(t)
o  h

(5.1)

where 2e is the cooper pair charge, d is the interlayer spacing (~1 nm), A is Planck’s constant
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Figure 5.3: (a) Linear c-axis reflectivity of bare La; gsBag.15CuQy4 at several temperatures.Then
linear measurements were taken with the lowest attenuated THz field. (b) C-axis Josephson
plasma resonance ®, plotted for temperatures below 7., and the dashed line represents the
Ginzburg-Landau order parameter scaling for second order phase transitions. The plasma
frequencies are normalized to the low temperature measurement ®, (7 = 10 K). The inset shows
the loss function which is the imaginary part of -1 /¢, and contains the same colors as the legend

in panel (a).
divided by 2w and for an electric field along the c-axis E(t) = Eosin(®pump?) Where Ej is the
field strength and oscillates at frequency ®pump. Solving equation 5.1 yields the relation 8(¢) =
(2edEq/h)cos(®pumpt ). Since the c-axis superconducting superfluid density p. scales as the order

parameter phase difference p. o cos® and that p. < ®, as shown in Fig. 5.3(b), the plasma

frequency renormalizes according to (x)% onlin = ®pcosO(t) where 0, ynisin is the new Josephson

plasma frequency under intense field strengths. By inserting 6(¢) and expanding the ®,,,,;i, We
arrive at

2 2 2
Wjpr) = Wjprocos(B) = Wjprecos {eocos(wpumpt )}

~ 2
N Wjppo |1 —

52
03 B 0308 (20 pumpt) N ©-2)
1 1

where 69 = 2edEp/h. From this expansion we can see that the next leading order term is
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Figure 5.4: c-axis THz reflectivity of La; g5Srg 15CuQy4 at various temperatures and field
strengths. Panels (a)-(e) show the reflectivity taken at temperatures 10K, 20K, 27K, 32K, and

45K respectively.
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in red.
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Figure 5.6: Magnitude of c-axis third harmonic emission from LSCO at several temperatures.
All data points were taken with maximum field strengths of 80 kV/cm.

subtracting resulting in a redshift in the plasma frequency which is what is observed below 7, for
high fields and is shown in Fig. 5.4, which also occurs as temperature increases.
The tunneling interlayer current depends on the phase difference by (¢) = Ipsin[6(¢)], and

solving for I(¢) gives

I(t) = I.sin {eocos(wpumpt)}

- (5.3)
~ 0~ne3
~ 1. {Gocos(mpumpt) 5 c08” (®pumpt ) + - - -

where the leading higher order in the expansion is cubic. This expanded term leads to driving the
current at the thrid hamrnonic and is observed as THz emission at 3® and explains the increase in

reflectivity above the plasma edge in Fig. 5.4(a)-(d).
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We quantify the amount of third harmonic emission from driving the c-axis by integrating

Bo= [ {rﬁs,mﬁn«on By ()| doo (5.4)

where Ej oniin(®) and Ej j;, (@) are the spectral content reflected from the sample in the nonlinear
and linear regime. We take the lowest measured field strength 2.4 kV/cm to be within the linear
regime, but in order to compare the two spectra, we rescale the linear spectra with the reflection
coefficient at the minimum fluence to obtain Es,lin = Ennonlin?mm. Here the reflection coefficient
is given by Fyin = M where Emonlm and Enmin are the spectra of the two reference pulses
reflected off a gold s:’lnl:lfrallce at the nonlinear and minimum field strengths. The two spectra of
Es nontin(®) and Ej ;;, for the highest field strength of 80 kV/cm at 10K are plotted in Fig. 5.5(a),
and the difference is shaded in blue. To avoid summing over the Josephson plasma edge, the third
harmonic integration is taken from 1.8 THz to 2.4 THz. The increase in spectra peaks around
1.9 THz which is the three times the peak of the THz pulse, at 1.65 THz. Figure 5.5(b) displays
the magnitude of the third harmonic E3¢ as a function of field strength at 10 K, along with a
cubic polynomial fit(red line). We note that the cubic fit resulted with R-squared value of 0.99
where as a quadratic fit resulted in a value 0.96 further indicating that the emission follows the
cubic scaling in equation 5.3. The scaling of the third harmonic emission also scales similarly
to the superconducting order parameter as demonstrated in Fig.5.5 where the third harmonic
magnitude is plotted as a function of temperature. To our knowledge, third harmonic emission
from c-axis cuprates has only been previously observed in La,_,Ba,CuQO4[58] and shares similar
characteristics as our results. We estimate the third harmonic power conversion efficiency to be

(E30/ En,wnl,-n)2 —6x10 which is comparable to the THz third harmonic generation efficiency

from the Higgs mode in BCS superconductor NbN[49, 48].

53



r@ o | )y
295 K . 40K
o8k I P 5 T / 08F T Pt PP PP
N ,,
2 z
S06p G s 206
é _; B 7 / g
v | =-=="" : 4 : N %
< 04k NS 7 S |7 24kV/cm < oabo
: © | ——40kV/cm :
: 60 kV/cm
: 68 kV/cm :
02 72 kV/em 02 S RN
© | ——80kV/cm : —2.4kV/cm
| == =CST simulation : ——80kV/cm
0 H H H . 0 H H H .
0 0.5 1 1.5 2 25 0 0.5 1 5 2 25
)

Frequency (THz)

1
Frequency (THz

Figure 5.7: C-axis reflectivity of LSCO with asymmetrical metamaterial tape at 295 K (a) and
40 K (b). The capacitive gap of the metamaterial is aligned such that it lies along the c-axis of
the crystal. The dashed curve in panel (a) is a CST simulation of the metamaterial on LSCO at
295 K.

5.3.2 La, ,Sr,CuQ4 with asymmetrical metamaterial

We will now discuss the affect of applying the metamaterial tape discussed previously to
the surface of LSCO. The metamaterial tape was oriented on the crystal such that the capacitave
gap is parallel along the c-axis. Interestingly, we observe nonlinear behaviour in reflectivity above
T, which was not observed on the bare sample. At room temperature, CST simulations show the
metamaterial and LSCO together have a broad resonance near 1.5 THz which is displayed as a
dashed line in Fig. 5.7. The measured reflectivity displays a resonance peak slightly bueshifted
from the simulation which is within reason given that small offsets in the polyimide layer thickness
or small vacuum gap between the tape and LSCO surface can directly affect or shift the resonance
frequency.

Surprisingly, at room temperature we observe an increase in reflectivity around 2 THz for
incident fields above 70 kV/cm. At first look, this appears similar to the third-harmonic generation
we have observed in the bare superconducting LSCO. With such a high field enhancement of
~ 60, the in gap THz field intensity may be several MV/cm which is within range to drive

nonlinearities in many types of materials. THz high harmonic generation has been observed
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semiconductors like silicon [55], graphene[28], and array of non-centrosymmetric materials[71].
The response at lower temperatures, but still above 7 is plotted in Fig. 5.7(b) and does not
show the same field dependent response at 295 K. The peak of the metamaterial resonance also
slightly redshifts, most likely due to a decrease in the ab-plane resistivity. Upon further inspection
of the data by applying the same analysis to the bare LSCO field dependence we can quantify
the increase in spectral content as a function of incident field strength. The increase in spectra
around 2 THz is quantified by using equation 5.4 where Ej;, is obtained from the measurement
at a field strength of 2.4 kV/cm. Figure 5.8 shows the integrated spectra versus field strength
which displays non-cubic behaviour suggesting not third harmonic generation. The trend appears
more like there is a threshold around 70 kV/cm for a change to occur and then increases linearly
with field strength, which may be attributed to an increase in the strength of the metamaterial
resonance with increasing field strength. Further experiments will be needed to determine the
mechanism occurring at room temperature.

We now turn to examine the low temperature c-axis response of the metamaterial on
superconducting LSCO which is plotted in Fig. 5.9. The first observation is that the Josephoson
plasma resonance is greatly redshifted to near 1 THz as appose to ~1.7 THz in the bare sample.
The new plasma edge also continues to redshift with increasing fields, indicating that this
resonance is truly the Josephson plasma resonance. A low field measurement, using a ZnTe for
THz generation, is plotted in grey and shows similar behavior with a redshifted plasma edge but
differs at higher frequencies. Figure 5.9(b) shows the simulation of the metamaterial on LSCO at
10 K which displays a much weaker redshift of the plasma edge only to 1.5 THz. The two sharp
LC resonances at 0.5 THz and 0.6 THz are not observed in our measurements and are likely at
lower frequencies outside of our spectral range.

Comparing the low field response and the nonlinear response leaves more questions to
be answered. If the increased spectral content above 1.5 THz is from third-harmonic generation,

as we observe in bare LSCO, then the field strength may be in a saturated regime and unable to
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Reflectivity measured for several THz field strengths(colored lines), and low field measurement
(grey line) at 10 K performed using ZnTe as a THz generation source for comparison. (b)
Reflectivity from CST simulation of the metamaterial tape on superconducting LSCO.
observe a field dependent scaling. The enhanced strength of the THz field should be strong enough
to be within the strong-coupling regime of the LC resonance and Josephon plasma resonance, but

more measurements and metamaterial variations will be needed to conclude beyond speculation

the type of coupling that we are observing here.

5.4 Conclusion

We have explored the nonlinear c-axis response of LSCO and have made the first obser-
vations of THz third-harmonic generation from the Josephon plasma resonance in this material.
The emission from the sample under intense THz radiation displays cubic behaviour indicative of
third harmonic generation. By using the strong field enhancement we have been able to probe the
materials nonlinearities even further above and below 7. More experimentation will be needed

to address the extent which strong-coupling is occurring.
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Appendix A

Pump induced heating in LBCO

Heating effects are present in all pump probe measurements and the effective lattice
temperature must be considered after photo-excitation. We use a two-temperature model to
estimate the final lattice temperature after electron-phonon thermalization has occurred (in ~1

ps)[1]. The specific heat for Lay_,Ba,CuQOy is described by the relation

Cs =T +BT? (A.1)

over a wide temperature range[53], where y and [ are the electronic and lattice coefficients to the
specific heat, respectively. Specific heat coefficients were taken as y ~ 2.5 mJ mol~! K=2 and
B ~ 0.25 mJ mol~! K—* estimated from literature values of nearby dopings5. For a given pump
fluence we estimate the absorbed energy over the photo-excited region and calculate the effective
temperature after electron-phonon thermalization by integrating
Ty

Opump = . NC(T)dT, (A.2)

where Qump 1s the total energy absorbed from the pump pulse, N is the number of moles in the

excited volume, T; is the initial temperature and 77 is the final temperature after electron-phonon
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excitation at various pump fluences (at 7 K). The red dashed line is the charge order transition
temperature T¢,.

thermalization. The absorbed energy Qump is estimated by Qpump = FA(1 —R) where F is the
pump fluence, A is the area of the pump beam on the sample using the FWHM (~6 mm) as the
diameter, and R is the reflectivity at 1.55 eV which is ~ 0.151. The excited volume is estimated
as a cylindrical disk with a diameter of 6 mm and height equal to the penetration depth.

The final temperature 77 is calculated numerically and plotted versus pump fluence in Fig.

A.1 for an initial temperature 7; = 7 K. The colored points correspond to the various fluences used

in the experiment and the AE /E pump probe traces displayed in the inset.
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