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Abstract

Pump Probe Spectroscopy of Quasiparticle Dynamics in Cuprate Superconductors

by

Gino Paolo Segre

Doctor of Philosophy in Physics

University of California at Berkeley

Professor Joseph Orenstein, Chair

Pump probe spectroscopy is used to examine the picosecond response of a BiaSroCaCusOsg
thin film, and two YBasCu3zO7 crystals in the near infrared. The role of pump fluence and
temperature have been closely examined in an effort to clarify the mechanism by which the
quasiparticles rejoin the condensate. BiaSroCaCuyOg results suggest that the recombination
behavior is consistent with the d-wave density of states in that quasiparticles appear to relax
to the nodes immediately before they rejoin the condensate.

The first substantial investigation of polarized pump-probe response in detwinned
YBCO crystals is also reported. Dramatic doping dependent anisotropies along the a and b
axes are observed in time and temperature resolved studies. Among many results, we high-
light the discovery of an anomalous temperature and time dependence of a- axis response
in optimally doped YBCO.

We also report on the first observation of the photoinduced response in a magnetic



field. We find the amplitude of the response, and in some cases, the dynamics considerably
changed with the application of a 6T field.

Finally, we speculate on two of the many theoretical directions stimulated by our
results. We find that the two-fluid model suggests a mechanism to explain how changes at
very low energies are visible to a high-energy probe. Also discussed are basic recombination

processes which may play a role in the observed decay.
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Chapter 1

Introduction

Pump probe spectroscopy has been established as a useful tool to probe dynamical
behavior in a wide variety of materials[59], including the high-T. cuprates. In superconduc-
tors the transient change in reflectivity created by a strong pump pulse, and measured by
a weak probe, is due to the conversion of superfluid condensate into quasiparticles. Once
the energy of the excitation dissipates, the electrons rejoin the condensate. We seek to clar-
ify the mechanisms of this relaxation process through control of a number of experimental
variables.

The thesis is organized as follows: We begin in chapters 2 and 3 with an overview
of experimental techniques we use and outline the salient features of high-T. cuprates.

Chapter 4 describes the important advances in this field. In this section we con-
struct a simple picture of how to think about photoinduced response. The evidence available
demonstrates that the principal component of the photoinduced reflectivity change is a con-

sequence of the destruction of condensate via an electronic process, not a thermal one.



The role pump fluence has on the dynamical response has received little attention
in the literature. Combined with temperature dependence, we have found intensity depen-
dence to be a fruitful investigative direction. In chapter 5, for example we find evidence
that quasiparticles relax to the nodes before they rejoin the condensate.

Chapter 6 and 7 comprise the experimental centerpiece of this work, showing
the rich variety of phenomena possible in pump probe measurements. In YBCO, different
dopings produce large changes in the recombination kinetics. Where optimally doped YBCO
appears to be insensitive to pump fluence, underdoped samples show pronounced pump
intensity dependence.

In the final chapter, we address perhaps the most fundamental question of all: why
do we observe low energy excitations with much higher energy probes? We also speculate
on models of recombination which may be used to describe our data.

Editorial Comment: This field is a rather ambitious one to pursue, it applies an
exotic technique to probe an exotic material. Pump probe spectroscopy is not yet a mature
characterization tool. Furthermore cuprates are among the most studied and complex
materials. Thus this subfield is exciting for the same reasons it is daunting, relatively little
is well understood. It is the author’s sincere hope that this thesis will serve as a useful

reference which will stimulate future investigation.




Chapter 2

Pump Probe Spectroscopy

Degenerate pump probe spectroscopy uses the ultrashort pulse output of an ultra-
fast laser as both pump and probe beams. Traditionally, the pump to probe intensity ratio
is much greater than one. By varying the time delay between the pump and probe beam,
a picture of the time evolution of the quasiparticle excitation is constructed. Fractional
changes in reflectivity as small as 107 can be measured. Typical signals we observe are at
the 1074-1075 level.

One helpful way to understand the apparatus is to consider the time scales involved
in making the measurement. The pulse duration of the laser, 100fsec, should be considerably
shorter than the response of the superconductor, 1 psec. Because the roll-off frequency of
the photodiode(10MHz) is much lower than the repetition rate of the laser(86MHz), the
photodiode integrates the response of the superconductor over many pulses. Employing a
photoelastic modulator in conjunction with a lockin amplifier facilitates noise suppression.

The intensity modulation occurs at twice the fundamental frequency, 2f=100kHz. The



sweep rate of the optical delay (Clark-MXR ODL-150) line is 40 Hz. Limitations of the
oscilloscope only permit acquisition of twenty sweeps per second from every other trigger
pulse. Also, the scope acquires only when the delay line is moving in one direction, and
is effectively idle when moving in the opposite sense. The lockin time constant is set to

100usec.

2.1 Optics

We now describe the setup depicted in figure 2.1. The output of a diode pumped
(SpectraPhysics Millenia) Ti:Sapphire (KM Labs) laser is split into two beams of unequal
intensity. The central wavelength is nominally 800nm. The more intense pump beam is
sent to a rapid scan optical delay line. Following the delay line, the beam is sent to a
photoelastic modulator (Hinds Instruments PEM-90) whose axis is at 45 degrees to the
incident polarization. The modulation amplitude is set to one-half wave. The analyzer
(polarizer oriented parallel to the original polarization state of the beam) then modulates the
intensity of the beam. A neutral density filter then controls the pump intensity and a half-
wave plate controls its polarization. Finally, a steering mirror with fine pitch adjustments,
is employed to optimize the overlap. This adjustment can be made in realtime by observing
the amplitude of the response on the oscilloscope.

The probe beam is sent to a Klinger stepper, which is only used to obtain a coarse
zero time delay between the two beams. It is then directed through the requisite ND filter.
A half-wave plate may be introduced to cross polarize the pump and probe beams. Both

beams are focussed to a sub-100u size spot using a doublet achromat lens (f=200mm). The
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Figure 2.1: Optical Schematic of the apparatus. A discussion of the signal processing is
included in the body.

reflected probe beam is then directed to a photodiode. Techniques used to align the optical

system are described in the appendix.

2.2 Cryostats

Our first measurements (BSCCO data) were made using a cold-finger cryostat
which is convenient because it requires little preparation. It lacks magnetic field and low
temperature (<5K) capability however. Measurements of BSCCO were made at an angle
of incidence of 45 degrees, for convenience. In this way the light reflected light from the
sample does not retrace the path of the incident beam. This angle of incidence also simplifies
discrimination of the pump beam from the probe beam. The advantage of such a system is
the quick cooldown.

A Janis 12CNDT magnet cryostat is employed to collect all the YBCO data. With

this system, what is invested in preparation is returned in capability. Once the tedious



cooldown procedure is complete, 2 Kelvin and 7 Tesla operation are readily obtained.

The entire cryostat is mounted on a translation stage to facilitate fine positioning
of the sample in the plane of the optical table. We can also set the pitch or height of
the cryostat by adjusting the length of any of its supporting legs. This freedom is an
indispensable feature of our apparatus, since the surface of the sample may not be reflecting
the beam in a useful direction. We can also remedy situations in which certain parts of the
sample may have too much pump scatter. This is a condition in which too much of the
pump light is incident on the photodiode and the signal of interest (at 100kHz) is swamped
by the modulation of the pump beam at the same frequency. The telltale sign of such a
situation is lockin overload.

Inside the magnet cryostat, the temperature is recorded by one of two sensors.
One sensor is embedded in the sample stick, and separated from the sample by as much
as an inch. This distance has potential to cause error in temperature measurements due
to thermal gradients. Thermal gradients are the result heat exchange between the flowing
gas and it surroundings. The further it travels the more its temperature deviates from
the desired site point. The magnitude of thermal gradients will depend on the set point
and the rate at which the sample is being cooled or warmed. A temperature sensor CX-
1050(LakeShore) was introduced to monitor the sample temperature more closely. The
common configuration is to place it on the opposite side of the substrate to which the
sample crystal is attached. Samples and sensors are affixed with N type Apiezon cryogenic
grease, or GE-7031 Varnish(LakeShore). All crystals and films are c-axis oriented, the

electric field orientation of the incident light is always in the ab plane.




Electronically the system operates as follows: A signal generator drives the optical
delay line via a driver module. The position of the delay line is converted to a voltage by
the same driver module and sent to the oscilloscope and serves as the x-axis. The driver
module of the photoelastic modulator sends a reference signal to the lockin amplifier, while
the output of the photodiode serves as the input signal to the lockin(Stanford Research
850). The output of the lockin amplifier is then sent to the oscilloscope(LeCroy 9310M)
and serves as the y-axis. These two channels (x and y) are averaged by the oscilloscope and
sent to the computer. Data acquisition software was written in LabWindowsCVI.

There are two modes in which we operate the system. The conventional way is
to record temporal information by sweeping the time delay and holding the temperature
constant. We can record temperature dependent behavior in very fine steps by setting
the delay line to scan from small negative time delay to the peak of the response. The
temperature is then allowed to sweep up and down. In this way the peak response is
recorded as a function of temperature. Two minutes (400 sweeps) is ordinarily sufficient to
obtain a satisfactory time trace. Temperature sweeps take about 30 minutes since we are
interested in minimizing error due to thermal gradients. The raw data is then imported

and analyzed in Matlab 5.3.

2.3 Instrumental Complications

A number of undesired physical phenomena may be encountered at low tempera-
tures. Below 5K, we observed that helium gas refracts the beam in a chaotic fashion. (Wild

fluctuations in the probe DC voltage are a telltale sign.) Through careful manipulation of



the sample cell pressure (via a vacuum pump) and helium flow (via a needle valve) we are
able to lower the temperature to less than 2.2K. For the lowest operating temperatures,
we find working in a low pressure gas environment preferable to working with superfluid
helium. If the liquid level drops below the sample during data acquisition, the optical path
is interrupted and the run must be aborted. Working in liquid also requires a consideration
of the effects of the change in index of refraction. On the other hand, cooling power may
be enhanced.

During temperature-swept data acquisition, the sample often moves. The source
of this motion is most likely due to thermal expansion of the sample stick. While the
thermal expansion properties do not normally play a role at low temperature, there is
always some portion of the sample stick which is changing temperatures in the regime
where the coefficient of thermal expansion is non-zero.

We often observe around zero time delay a very sharp feature in the time trace,
whose intensity fluctuates rapidly from positive to negative. This is most likely due to in-
terference of the pump and probe beams. The rapid fluctuations are thought to arise from
slight wobbles in the optical delay line motion. Generally, this feature can be eliminated
by moving the stepper a few microns until the fluctuations are no longer observable. Such
features have been observed at times far from zero time delay. Again the origin is proba-
bly the same, except with a beam which is reflecting off another surface and creating an
interference effect. Cross polarization of the beams can help to eliminate this phenomenon.

Undesirable effects resulting from the application of magnetic fields are also pos-

sible. Beam alignment may be thrown off when the inductive forces on the sample stick




change sign. This scenario is common when the field ramp direction is changed. To combat
this annoyance, notches were cut in the sample holder (made of OFHC copper) to prevent
large inductive current loops from forming.

Since a superconductor behaves as a diamagnet, strong gradients in a magnetic
field are an experimental hazard. Large forces can act on a crystal and rip it from its
mount. Cooling the sample in a preset magnetic field can reduce the chance this will
occur. Following such a protocol also minimizes reproducibility problems associated with

flux creep.
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Chapter 3

Elements of Superconductivity

BCS theory has been very successful in describing conventional superconductors.
Among the major achievements is the identification of the attractive electron-phonon in-
teraction that binds the Cooper pairs together. A direct consequence of this idea is the
density of states has a uniform gap energy of 2A everywhere in k-space.

While paired electrons are central to superconductivity in the high-T. cuprates,
the BCS description falls short of describing the mechanism in high-T. materials. One
immediate complication is the anisotropic nature of the material. Almost all of the super-
conductivity resides within the ab planes with very weak coupling between planes along the
¢ direction.

Recent advances have, ironically, complicated the picture further. Unlike its ele-
mental brethren, cuprates have been shown to have an order parameter with d-wave sym-
metry [69, 72]. Such a pairing symmetry places constraints on the nature of the pairing

mechanism. The reader is referred to the literature for a review of prominent theories. A
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Figure 3.1: A comparison of the magnitude of the gap for s-wave and d-wave order param-
eters as a function of angle in k-space. The gap magnitude is a linear function of angle for
small angular deviations from the node.

concise summary can be found in [37].

Whatever the mechanism, the symmetry of the order parameter has direct conse-
quences for interpretation of our data. This is most plainly seen in figure 3.1. While the
s-wave symmetry leads to an isotropic gap, d-wave superconductors are characterized by
nodes— directions in k-space for which there is no gap. These nodal regions make possible
very low energy excitations.

At finite temperatures, a probability exists that a Cooper pair will dissociate into
its constituent unpaired electrons. In BCS formalism the probability of such an event is
proportional to "2/ Exponentially activated thermodynamic, optical and transport
properties follow from this property. The presence of nodes in the cuprates means that
the number of thermal excitations is proportional to temperature squared. This is further
discussed in section 5.3.

All of the high-T. cuprates are layered perovskite materials. Perhaps the most
intensively studied system is YBCO. To fix the discussion, we show the YBCO unit cell

in figure 3.2. As previously mentioned, supercurrent flows in the CuOg(ab) planes. Hole
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Figure 3.2: The dimensions of the unit cell are roughly 3.8A x 3.8A x 11.7A. On the left is
the parent compound, an antiferromagnetic insulator. Note the absence of oxygens in the
chains layer. At right is the unit cell near optimal doping, with the chains fully occupied.
The presence of chains in YBCO makes makes the ab plane orthorhombic. The Og 5 phase,
discussed later, has every other chain fully occupied.

doping, the most common way to modify electronic properties, is achieved through variation
of oxygen content. This changes the occupation of sites in the chains layer (also known as
charge reservoir layer) while oxygen sites in the ab planes are always fully occupied. Since
we present results on BSCCO, we note an important distinction that BSCCO lacks the
chains present in YBCO. Oxygen is always present between any two nearest Sr or any two
nearest Bi atoms.

The generic cuprate phase diagram, figure 3.3, shows how doping changes the elec-
tronic behavior rather dramatically. The samples we study fall into two distinct categories:
optimally, and under- doped. For optimal YBCO, T, is maximum, 93K, at 15% hole con-
centration. Underdoped contains somewhat less oxygen, and T is depressed to 58K for the
samples we studied. Above T. and up to a temperature T*, underdoped exists in a pseudo-

gap state, a property absent in conventional superconductors. In this regime, a gap forms
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without the requisite long-range phase coherence but its relation to the superconducting
state is unclear. Above T*, the pseudogap disappears.

Anticipating the data we will present, we offer some background on other probes
which measure anisotropy (broken four-fold symmetry) in d-wave superconductors. Infrared
and microwave experiments on untwinned YBCO crystals have shown that chains play a
significant role in the superconductivity. The absolute value of the penetration depth has
been measured in infrared experiments [5]. Along the chains, A, ~1030A and perpendicular
to them A\, ~ 1600A. The temperature dependence, however, of the normalized penetration
depth A(T)/A(0) is nearly identical in both directions [7, 31]. Other reports of anisotropy
in the gap magnitude have been reported in photoemission experiments [2].

Optical anisotropy has also been observed. There is a large difference between a-
and b- axis reflectivity, suggesting that the chains play a major role in the optical response.

We find the reflectivity ratio at 1.5eV is 3:1 (a : b) consistent with previous reports [16, 62].
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Unpolarized reflectivity is R~0.1. Due to the orthorhombic nature of the unit cell, there
are two distinct in-plane plasma frequencies to consider: a=1.03+.11eV and b=1.48+.15eV
[34].

A fair amount is also known about the ordinary spectral response of the cuprates.
Upon cooling, the most dramatic changes in optical properties for the cuprates occur in the
infrared [57]. For YBayCu3O7, temperature dependent changes in the visible are about 10
times smaller than in the infrared (see Figure 4.3). It was determined significant deviations

around 2.0eV are not unique to YBagCu3O7, but a common property of a number of cuprates

[34].
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Chapter 4

Historical Review of Pump Probe

Techniques

Presenting general properties of the ultrafast response in cuprates, and identifying
the important open questions is the primary goal of this chapter. We provide a selective
overview of the literature in rough chronological order. Since the seminal experiments a
decade ago, the study of ultrafast properties of the cuprates has grown steadily. The effort
has benefitted enormously from the refinement of both laser technology and sample growth
techniques. Diode pumped ultrafast lasers are extremely low noise and are turnkey. Sample
quality is now outstanding: crystals are well characterized, of high purity, and near perfect
ordering.

Primarily dynamics of YBCO have been examined, but BSCCO and TlaBagCasCuzO1g
have also been studied. Pump and probe energies have varied from 1 to 3 eV, and very

limited continuum studies have been performed[27, 44].
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Studies of ultrafast phenomena in superconductors were naturally motivated out
of the successes of experiments in metals [59]. Brorson published the first results on YBCO
and BSCCO films but only at room temperature [9]. Using differential transmission and
reflection techniques their experiments showed an initial fast (250fsec) transient subsequent
to optical excitation followed by a longer lived decay. Brorson et al. used the “Fermi level
smearing” concept, borrowed from work on metals, to interpret their results. When the
electron temperature is increased by the pump pulse, the tails of the Fermi distribution
spread far out in energy, opening states below and filling states above the Fermi level. De-
pending on the probe wavelength and the position of the Fermi level, the optical transitions
may be enhanced or blocked. Similar explanations were adopted by others [13, 36]. Kaindl
has pointed out, however, that the stationary spectra show no sharp spectral features. In
essence, if a smearing effect is acting, it is on a rather featureless surface, so this mechanism
may not play a role in the photoinduced response.

By controlling temperature, Chwalek et al. first demonstrated that the changes
in the photoinduced response were intimately linked with superconductivity [13]. They ob-
served that cooling through the transition temperature increases amplitude of the response
and increases the relaxation rate. These properties are not confined to YBCO, they ap-
pear to be a more general feature of the cuprates [23]. Just as we find in our own data,
Chwalek’s results show the amplitude of the response roughly tracks the temperature de-
pendence of the superfluid density. In comparable nonsuperconducting samples, only small
gradual changes were observed in amplitude of response and decay rate.

Han et al. were one of the first to offer a microscopic picture of the photoexcita-
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tion process. In the first 500 femtoseconds, photoexcited carriers thermalize producing an
avalanche of quasiparticles. This is followed by a recombination stage in which Cooper pairs
reform. Assuming all the energy of the photon is absorbed and converted into excitations
above the gap energy we could expect approximately 30 e-h pairs to be created per photon.
Thermalization to the nodes could create even more excitations since the gap goes to zero.

In the same paper Han and coworkers also addressed the recombination kinetics in
terms of the Rothwarf and Taylor equations [56]. The pair of coupled differential equations
describes the interaction between quasiparticles and phonons and successfully explains the
“bottleneck” effect observed in conventional superconductors. Recombination phonons cre-
ated when quasiparticles traverse the gap, may create other quasiparticles. Thus recovery
of the condensate is set by phonon (with E>2A) dissipation, not the density of quasipar-
ticles. Han et al. cite evidence for such a mechanism in optimally doped YBCO since the
recombination rate does not appear to be very sensitive to laser fluence at 20K. We find
this to be an incomplete analysis and discuss it in more detail later. We will also address
the special considerations of recombination kinetics in d-wave materials later.

Coherent phonon effects in superconducting cuprates were first reported by Al-
brecht [1], and more recently by others [49]. An earlier report in nonsuperconducting
samples can be found in reference [30]. The effect refers to the process whereby pumping
with a femtosecond laser results in reflectivity changes which oscillate with a high spatial
and temporal coherence. Mazin et al. [47] proposed that superconductivity induces small
displacements in the equilibrium positions of the ions. Because the pairing energy depends

on the density of states at the Fermi level, this changes the ionic positions. Destroying su-
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perconductivity restores the normal equilibrium positions, exciting coherent phonons. We
have never seen such oscillations possibly because our pulse width is not short enough.

Much of the recent published work on pump probe effects has come from the
Mihailovic group. They have examined a number of different superconductors: YBCO
[21, 36, 67], BSCCO [67], and Hg;BayCayCu30gys [20]. They find no evidence for d-wave
character gaps in any of the samples they study. This conclusion is based on a model
which relates the reflectivity amplitude and relaxation time to gap magnitude, symmetry
and temperature dependence. Flying in the face of an overwhelming body of evidence,
Mihailovic et al. also find evidence for two simultaneous gaps in the optimally doped and
overdoped region of YBCO and only one gap in the underdoped material.

Mihailovic has provided an analysis of the effects of laser heating in these types
of experiments. There are two types of laser heating: transient and steady-state. Steady-
state heating refers to the average temperature increase from a stream of pulses, while
transient refers to the temperature increase from a single pulse. We have observed steady-
state increases in temperature as evidenced by the temperature sweeps(see figure B.3). A
detailed theoretical treatment is available in reference [19]. Whether measured or calculated,
steady state increases can be significant (~10K).

An estimate of individual pulse heating may be determined using the heat capacity
relation: AQ = vpcAT. Using the following parameters: single pulse: AQ=0.2nJ, mass
density: p=6.4x103 [;kngg], excitation volume: v=7.9x10"1%m™, heat capacity: C=17O[7§JR]
we find the transient heating is ~0.2K. This estimate is based on the maximum pump flu-

ence, so this is an upperbound for transient heating and probably not an important con-
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sideration. Decreasing the repetition rate of the laser using a pulse picker or similar device
could mitigate the effects of steady-state heating, without diminishing the single pulse en-
ergy. A smaller increase in the steady state heating can also be achieved by using thin films.
The superior thermal conductivity of a substrate such as SrTiO3 or MgO will provide much
better thermal anchoring and result in a closer correlation between the superconductor and
the ambient temperature.

Using photothermal microscopy, Studenmund et al. studied temperature depen-
dent effects on reflectivity [24, 65]. This technique measures the change in reflectivity due
to heat diffusion from a focussed laser spot. Two 2u diameter laser beams are separated by
104, one monitors the influence of the other. The result is a curve which shows a tempera-
ture dependence that peaks at T, figure 4.1. Polarized temperature-swept measurements in
optimally doped YBCO (figure 4.2) show strikingly similar behavior. Thus we may be able
to observe bolometric effects, but only in one instance. All other temperature dependences
measured were characterized by much larger signals which continued to decrease through
Te.

Comparison with the results of Holcomb et al. [32, 34] is also informative. By
measuring the sample’s reflectance(0.3-4.5eV) at two temperatures, they also extract the
thermal properties of the material’s reflectance. Changes in reflectivity due exclusively to
the onset of superconductivity may be observed using their experimental technique. Their
results are shown in figure 4.3. Stevens [63] conducted pump-probe studies at a few different
probe energies and find a rough wavelength correspondence with Holcomb’s results. So in

addition to monitoring the partial destruction and reformation of condensate, pump probe
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Figure 4.1: Results from [65] on optimal YBCO. This is not a femtosecond technique. Two
beams, a pump(514nm) and probe(780nm) are separated by 5 beam diameters. Changes in
reflectivity from thermal waves created by the pump beam are measured by the probe. Two
different polarization directions are measured. Other probe energies produce temperature
traces showing sharp discontinuities at T.. Since nearly all pump probe studies find a
qualitatively different temperature dependence from the one depicted here, we conclude
that bolometric heating does not play a role in the picosecond response.
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Figure 4.2: Optimal YBCO for pump and probe along a-axis. We discuss this result in
more detail in chapter 6. See text for comparisons to figure 4.1
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Figure 4.3: Pump probe comparison with
thermal difference spectroscopy. The
technique, described in reference [34],
measures the temperature derivative of
the optical reflectivity. The solid line ™~
is the ratio of the reflectivity of super-
conducting over normal YBCO (Rs/Rn). "«
The solid circles are the amplitude of the
response of degenerate pump probe spec-
troscopy measured at 4K (in transmission

—

R/R, (W) o

AT/T). From reference [63]. " .
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effects measure changes between the superconducting and normal state without raising the
sample above T.. Holcomb’s results will also be an important guide for future experiments
which seek to explore the wavelength dependence of the picosecond response further.

Motivated by observation of large changes in infrared reflectivity upon cooling
below T., Kaindl and coworkers carried out infrared pump probe measurements. The
method is detailed in reference [37]. Figure 4.4 shows the picosecond lifetimes they observed
agree well with previously published results at optical frequencies, despite more than an
order of magnitude smaller probe energy.

Kaindl demonstrated a correlation between his ultrafast results and differential re-

flectance spectroscopy. He compares results in the probe range of 60-180meV with difference
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reflectivity measurements. In similar fashion to Stevens’ result, figure 4.5 shows the sign
and amplitude of the response, when scaled, follow the stationary response. Furthermore,
the shape of the spectral dependence is independent of the magnitude of the pump fluence.
Thus there appears to be ample evidence for interpreting pump probe results as an elec-
tronic excitation process: Ultrafast spectrally resolved studies exhibit the same wavelength
dependence that stationary studies do.

If we further develop this model we see that changing the pump fluence controls the
fraction of Cooper pairs broken, without appreciably increasing the lattice temperature on
a picosecond time scale. Significant heating effects are observable, but on longer timescales.
For example, transient photoimpedance measurements have identified bolometric responses
to be on the order of nanoseconds[43]. This is in reasonable agreement with the thermal

diffusion time constant: 7 = %—c. c-axis diffusion is the principle diffusion path, since
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Figure 4.5: Solid line: Reflectivity mea-
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probe techniques are sensitive to the pres- Photon Energy (meV)
ence of the superconducting state.

the smallest length scale, d, is the optical penetration depth, 1000A. mc=.026[%vg] is the
thermal conductivity. The heat capacity at 80K is of order 1 l:%'{;?] . With the above values
we find a time scale of 4 nanoseconds.

Examination of the dependence of AR/R with pump fluence, would also suggest
that bolometric effects play almost no role in the picosecond photoinduced response. Since
superfluid density is not a linear function of temperature, increasing the pump would quickly
lead to sublinear behavior as T, is approached. Moreover we might expect a transition to
such behavior to occur at lower and lower fluences as the cryostat temperature is set closer
to T¢. As we shall see however, the response is linear over a large range of fluence, and this
linearity is weakly a function of the ambient temperature of the sample.

Finally we briefly note other efforts to probe dynamics of superconductivity us-
ing various techniques. Feenstra and coworkers looked at dynamics on the microsecond
timescale with a pump energy of 800cm™! and probe energy of 5cm™!. They attribute the

50 microsecond lifetimes they observe to bolometric heating of their sample. This is corre-

lated with the expected temperature increase arising from the deposited energy of the pump



24

pulse. Relaxation time constants in the range of 5-25usec are identified with quasiparticle
recombination. Energetic considerations would dictate quasiparticles relax to the nodes. In
this region, however, a clear picture of quasiparticle recombination process is stymied by
theoretical considerations. The acoustic phonon dispersion and quasiparticle dispersion do
not cross. In other words, energy and momentum cannot be simultaneously conserved. So
a complete theoretical description of quasiparticle recombination awaits.

Using an optical pump and terahertz probe technique Siders et al. measured the
complex conductivity, obtaining directly what we have inferred: a picture of the quasipar-
ticle and superfluid dynamics [3, 60]. Temporal resolution was limited to one picosecond,
about the period of THz radiation. They find the recovery dynamics for YBayCu3Og s
is considerably slower than for optimally doped YBCO, consistent with our observations.
In all cases they observed that more than 20% of the superfluid did not recover after 20
picoseconds. Since they can easily convert their results to a superfluid density they can
determine what fraction of the condensate is destroyed.

We can estimate the number of Cooper pairs destroyed. We first determine energy
density using a pulse energy of .3nJ/pulse, a beam waist of 100u, and a penetration depth
of 1000A. If we assume a photon breaks thirty pairs, 3 x 1010 quasiparticles are generated
per pulse. The hole density is estimate to be approximately 1.8 x 102! cm™3. Thus we
estimate 2% of the condensate is destroyed in our experiment.

For comparison, we estimate the number of thermally excited quasiparticles at

a fixed temperature below T.. Near the nodes, where the low energy excitations occur,

the quasiparticle density of states is, from reference [46], N(E) = W—%nglsz where vp ~
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2.5x107cm/s and vo=vp/19 are the quasiparticle velocity normal and parallel to the Fermi
surface. Upon substitution of E with kgT and integration of the density of states up to 10K,

3 much smaller than the photoexcited density.

we find a quasiparticle density of 3 x 1017cm™
In spite of the quadratic temperature dependence, thermal quasiparticles contribute little
to the total density at T..

In this chapter we have provided an overview of the important advances in pump
probe spectroscopy to date. We have tried to emphasize a particular interpretation of
the photoexcitation process. Pump probe spectroscopy measures conversion of condensate
into quasiparticles via an electronic mechanism. Recovery of the condensate occurs within
a few picoseconds. In this picture, the risetime of the response is assigned to the rapid
thermalization of electrons to the lowest lying states above the gap. Energetic arguments
favor a relaxation of quasiparticles to the nodes, with the penultimate step as yet unresolved.

Bolometric mechanisms are expected to play a role on nanosecond timescales and are not

seen to play a central role in the ultrafast pump probe response.
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Chapter 5

Bi,Sr,CaCu,04,; and the Nodal

Quasiparticle Picture

BisSreCaCuq0g,46(BSCCO) was the first system we studied. Our findings on the
temperature and intensity dependence are consistent with the d—wave character of the
superconductor. These data also provide a useful backdrop for the subsequent discussion
of YBCO.

BSCCO thin films are grown on LaAlOgs substrates using atomic layer-by-layer
molecular beam epitaxy [22]. Fine control of the film growth is achieved by depositing
constituent layers one at a time. Five layers of BSCCO(2201) are deposited before 40-60
layers of BSCCO(2212) are grown. It is the response of these layers that we discuss below.

The transition temperature is 85K.
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Figure 5.1: Optimally doped BSCCO: The photoinduced response as a function of time for
a range of temperatures. The pump intensity is held constant ~ 25mW

5.1 Temperature and Intensity Dependence

Figure 5.1 shows the temporal response in optimally doped BSCCO for a fixed
pump intensity. As the temperature increases the amplitude of the response falls. In
addition the decay rate increases up to about 50K.

In Figure 5.2, the roles of temperature and intensity are exchanged. With the
temperature held constant, we examine the effect of pump intensity on recombination rate.
The normalized traces show clearly the increase in lifetime as the pump intensity is decreased
by nearly a factor of ten. Note: all our data plotted in this thesis have a time axis which

is relative, not absolute. An absolute measurement of zero time delay can be obtained by
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Figure 5.2: BSCCO response plotted vs time, normalized to show the variation in decay.
Pump intensities are normalized too, and are shown for: 1.0, 0.54, 0.24, 0.12.

performing an autocorrelation measurement with a doubling crystal.

Figure 5.3 serves as a check that higher intensity pulses do not mix in nonlinear-
ities. For higher fluences, sublinear behavior has been observed in the peak response of
the pulse [37], probably reflecting a saturation of the signal because the maximum num-
ber of quasiparticles have been created. Exploring saturation behavior may be useful for

determining an upper bound for the fraction of the condensate depleted.
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Figure 5.3: Peak amplitude of the response vs pump intensity. The maximum pump power
was ~ 25mW and the probe was ~ 3mW. The actual power incident on the sample is
somewhat lower since there are 3 cryostat windows that the beam must traverse. It is
worthwhile considering what occurs when the ratio of pump and probe beams approaches
unity. This can be understood by stressing that the probe beam always depletes condensate
at all time delays. Provided that the probe beam is weak, it lowers the maximum superfluid
density only slightly. Thus the pump beam acts to modulate the maximum superfluid
density set by the probe.

5.2 Analysis of Decay Rate

A primary goal of this pump probe work is explication of the kinetics of decay,
and curve-fitting the time dependences is a natural path towards elucidating the underlying
physics. By plotting figure 5.1 on a semilog axis (figure B.1) we find that BSCCO’s response
is dominated by a single exponential decay. This simple character makes a dynamics analysis

seem tractable.
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Figure 5.4: BSCCO: The extracted decay rate plotted vs AR/R.

Rather than attempting to fit the entire time trace, we choose to focus on the
recombination rate which reflects the recovery of the condensate only. Thus we adopt a
simplified approach to extract the decay rate of interest. We perform a single exponential
fit to the decay in the period between 2-7 picoseconds. The influence of any fast transient
process as well as very long time scale behavior [48] is thus minimized. Such a method is
well defined and captures the central dynamical effect: the decay rate changes dramatically
at T¢ [13]. Figures 5.1 and 5.2 may be compactly summarized in figure 5.4. The decay
rate increases linearly with pump intensity, while the effect of temperature is to increase
the decay rate even more rapidly. A scaling analysis of the data shows that best collapse of

decay rates occurs when plotted against T2 +nAR/R. Such a collapse is naturally motivated
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in the context of nodal quasiparticles described in the next section.

5.3 Nodal Quasiparticle Density of States

An importaﬁt consequence of the gap structure of d-wave superconductors is the
presence of zero energy excitations at the nodes. These nodal quasiparticles give rise to a
linear T dependence of the superfluid density and a T? dependence of the heat capacity
[50]. Such properties may be calculated once the shape of the density of states is known.
Modifying the BCS model to incorporate the angular dependence in the gap magnitude
reproduces the correct form for the density of states [45]. From such an analysis we find
the density of states near the node is linear in energy [12]. Moreover, the total number of
quasiparticles up to an energy E, is proportional to E2. This is illustrated in figure 5.6.

By recasting figure 5.4 into figure 5.5 we combine the effects of temperature and
intensity. In this form, we emphasize that either parameter may determine the recombina-
tion rate. Whichever term dominates the quasiparticle density determines the dynamics.
As the density of electrons and holes increases, the probability per unit time that any pair
recombines also increases. This is in contrast to the conventional superconductor picture
where the recombination process is limited by “bottleneck” effect previously described.
The quasiparticle population has two sources: thermal and photoexcited. Because of the
quadratic dependence of the rate on temperature, the thermal contribution appears linked
to the nodal quasiparticle density of states picture. Temperature serves the role of the
characteristic energy described above.

In this chapter we have argued that the recombination rate reflects the quasipar-
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ticle population. This population has two components, one thermal and one photoexcited.
The quadratic dependence of the thermal component is consistent with the nodal quasipar-

ticle density of states picture; the number of excitations is expected to vary as E2.
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Chapter 6

YBa,Cu,0,

By comparison to BSCCO we have studied YBasCuzOx (YBCO) much more ex-
tensively. We studied untwinned single crystals with two levels of doping: Og 5 (underdoped
T.=58K)and Og 993 (optimal T.=93K). From these two crystals, an amazing range of com-
plex behavior has emerged.

In the last ten years much progress has been made in improving the quality of these
samples. The synthesis techniques are described in reference [41, 42]. The crystals we have
studied are exceptional in their purity. As grown, however, they are twinned. By applying
a uniaxial stress during a post-growth anneal the sample can be detwinned. Obtaining
a detwinned crystal is thus a delicate process with low yield. Because these samples are
single domain we are can measure the photoinduced response along the principal axes of

the crystal.
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6.1 Temperature and Intensity Dependence of Two Dopings

The underdoped phase we study is known as Ortho(rhombic) II phase. It is a
highly ordered phase in which oxygen sites are fully occupied and completely vacant on
alternating chains.! From the picosecond perspective, underdoped YBCO appears similar
to BSCCO in that the lifetime increases dramatically at the lowest temperatures. It also has
the familiar pump intensity dependence: recombination rate increases with pump fluence.

Much of the early work on the recombination rate focussed on the transition near
T[23, 29, 30]. Little attention was paid to the behavior at low T. This is in part due to the
focus on optimally doped YBCO, where little change in the recombination rate in optimal
YBCO is observed. The dramatic differences in quasiparticle kinetics for two different
dopings is one of the major findings of this research effort. Figures 6.1 and 6.2 show the
effects just described.

Anisotropy in the linear optical properties was studied some time ago [58]. Only
recently has there been one brief report of anisotropy in the ultrafast properties [62]. We
provide the first careful, comparative study of the strong anisotropic behavior in optimal
and underdoped YBCO. Figures 6.3, and 6.4 show remarkable differences between the
samples. Whereas the underdoped sample appears to have a response which differs only
in amplitude, the optimal sample aa direction is quite a surprise. Its decay kinetics are

nothing like the bb direction, and are smaller by a factor of five.

' At high temperature, Og 5 stoichiometry is tetragonal, oxygens are randomly scattered. As the sample
is cooled, an Ortho I phase appears with chains running in perpendicular directions. This is the source
of twinning. Below about 400K, the Ortho II phase becomes thermodynamically stable. A truly ordered
phase is only realized with the application of uniaxial stress, otherwise mixed phases may occur. For highly
ordered systems three phases are possible, Ortho I (nearly optimal) Tc=90K, Ortho III T¢=75K has two
full chains followed by one chain empty, and Ortho II Tc=60K.
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Figure 6.1: Underdoped YBCO: Normal- Figure 6.2: Optimal YBCO: The traces

ized time traces showing that lifetimes
are sensitive to pump intensities at low
temperatures. At ~30K the intensity de-
pendence fades out. The dynamics are
quite similar regardless of polarization di-
rection. T=10K.

have been normalized to show that the
recombination lifetime is insensitive to
pump fluence. T=10K. Polarization con-
figuration is bb.

We now limit the discussion to the two parallel pump-probe configurations. Plotted

in Figure 6.5 is a temperature-swept scan where only the peak amplitude of the response

has been recorded. Surprisingly the amplitude of the planes-only direction is small and

relatively insensitive to temperature. It is slightly peaked near T.. A peaked response

character has been explained previously using a coherent phonon approach [47]. In the

next chapter, we show that the a—axis demonstrates other unusual properties when in an

externally applied magnetic field.
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Figure 6.3: Optimal YBCO: Temporal response for various temperatures and fixed pump
fluence. The four possible polarization configurations that can be measured are perpendicu-
lar (a-) and parallel (b-) to the chains for the pump beam and similarly for the probe beam.
Comparing the red and magenta traces to the blue and green ones, we see the probe beam
is far more influential than the pump beam in determining the shape of the photoinduced
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Figure 6.4: Underdoped YBCO: Two of the four polarization directions are shown, approxi-
mately the same pump fluence as in 6.3. Apparently the aa axis has two times greater signal
than bb, in contrast to optimal which is smaller by a factor of 5. Subsequent measurements
have shown that the shape of the traces change smoothly at 60K. All traces are 20psec.
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Figure 6.5: Optimal YBCO: The peak
response is plotted wvs temperature for
the highest pump fluence. A pro-
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Figure 6.6: Underdoped YBCO: The
peak response is plotted vs temperature.
Compared to optimal, the difference in
the signal amplitude is due to a difference
in pump fluence. The intrinsic response
is the same order of magnitude in each
material.
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Chapter 7

Magnetic Field Effects

That magnetism is the key to superconductivity is a mantra oft repeated by many
practitioners in the field. To that end, we report on the influence of magnetic field on ultra-
fast dynamics in cuprates for the first time. Fortunately some experimental and theoretical
work have already suggested a link between optical measurements and spin excitations.
Leading the experimental side, Kaindl first demonstrated evidence for a link between ul-
trafast photoinduced response and recent inelastic neutron scattering data. We preface
discussion of our results with a summary of the findings of neutron scattering, and a review

picosecond data in the infrared.

7.1 Neutron Scattering and the Picosecond Response

As previously mentioned in chapter 3, hole doping into the CuOs planes destroys
the long-range AF-ordered phase. This raises the fundamental question of the role of mag-

netism in the superconductivity mechanism. Inelastic neutron scattering has taken center
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Figure 7.1: Picosecond data compared with neutron scattering. Red circles are peak re-
sponse of photoinduced reflectivity measured at 90meV. Blue circles are 41meV neutron
scattering data from [18]. Curves are normalized at 15K. The two black lines are obtained

from a single value decomposition showing how the response can be constructed from two
components one associated with T* and another with T..

stage as it has revealed the presence of short-range AF spin correlations at all doping lev-
els. In YBCO, spin excitations extend over several hundred meV, but are confined around
the (m,7) direction in momentum space. In the transition to the superconducting state, a
peak emerges out of the broad background, at ~40meV for optimal doping, ~34meV for
YBasCu30Og6. The discovery of this resonance peak has been the genesis of a number the-
oretical descriptions that incorporate antiferromagnetic interactions. Some view this effect
as a readjustment in spectral weight within the spin excitation spectrum. The spectral
weight comes from energies below 2A. This resonance appears at all doping levels for two
classes of cuprates, BSCCO [26] and YBCO and is absent in Lag +SryCuOy.

Evidence for a link with the photoinduced reflectivity is made clear in Kaindl’s
analysis. Figure 7.1 compares the amplitude of infrared picosecond data with the strength of

the resonance. The virtually identical temperature dependence is remarkable. To explain
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this result, Kaindl draws on recent theoretical work [11, 51, 52] that argues conducting
carriers strongly couple to the 41meV spin fluctuations. The fact that this work compares
stationary optical properties with the neutron data should pose little difficulty since we have
already shown (figure 4.3) evidence that the spectral character femtosecond data agrees well
with the stationary response.

Femtosecond spectroscopic data was collected by pumping and angle tuning a
GaSe crystal [38], a material exhibiting a large nonlinearity. Single value decomposition
was then used to reduce the data set. Loosely speaking, the analytical method determines
the basis vectors which span the data. In other words, the numerical technique determines
how many exponential decays should be used to construct each time trace. More on the
analytical technique can be found in reference [54]. The result in figure 7.1 on underdoped
YBCO shows two timescales describe the data completely. The slow component (~5psec)
goes to zero at T, and is associated with the condensate. The fast component (~700fsec)
disappears at the pseudogap temperature, T*, and is associated with some other type
of correlated carriers. This important result highlights a general feature of the ultrafast
technique which is not available using traditional spectroscopy methods. Exploiting the
time domain, it is possible to separate multiple contributions to the reflectivity at a given

frequency by distinguishing between different relaxation dynamics.

7.2 Neutron Scattering in a Field

To date, there are only two published reports on the effects of magnetic field on

the amplitude of neutron resonance. The first paper is a brief report by Bourges et al. [8]
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on optimal YBCO. On applying an 11.5T field in the ab plane, they find only the resonance
linewidth changes, slightly increasing. Recently, Dai et al. [17] applied a field in the ab-
plane on underdoped YBCO. They find that the peak amplitude is suppressed by about
10%. Imposition of a 6.8T field along the c-axis shows a more dramatic depression in the
signal: about 30% (figure 7.2).

Consideration of the possibly relevant energy scales shows just how remarkable
this result is: The upper critical field is much larger than the one applied: Bcs is 45T. The
Zeeman energy, ~ 0.8meV assuming g=2 and S=1, is much smaller than the resonance or
thermal energy, kyT.~ 6meV. Thus the usual suspects appear to be counted out for the
time being.

The possible significance of the response to the magnetic field has been addressed
by Dai and others [35]. They have previously stressed that the temperature and doping
dependence of the resonance is intimately connected to the electronic part of the specific
heat. They find further support for the correlation in the magnetic field result [17].

Not mentioned in the literature is the possibility that this is a manifestation of the
reduction in the condensate density. If so, we would expect it to have an vH dependence.
Little change with B || ab plane suggests that the 2-dimensional orbital component of the

superconductivity is more significant than spin interactions.

7.3 Picosecond Response in a Field

We now revisit the notion that the principle component of the photoinduced re-

sponse involves the condensate. The magnetic field response, however, does little to clarify
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Figure 7.2: Underdoped YBCO: Temperature and field dependence of the neutron resonance

from [17].
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the relationship between superconductivity and photoexcitation. We offer a few cursory ob-
servations: Figure 7.3 shows that 6T field depresses the underdoped response, while figure
7.4 shows the optimal response split: depressed perpendicular to the planes, and enhanced
parallel. Clearly the response and the condensate are not related in a simple fashion. A
spectral resolved study may provide answers to some of these questions. The underdoped
evidence shows clearly that the pseudogap is not sensitive to the magnetic field. This may
be a toehold for future theoretical efforts.

The link between pump probe spectroscopy and neutron scattering has already
been forged. Our analysis is presently bound by the limited neutron data: In qualitative
agreement with scattering results, we see an enhancement in optimal and a depression in
underdoped. If a straightforward relation with neutron scattering could be established,
practitioners of ultrafast physics would have an advantage: the superior signal to noise
ratio this technique offers. In determining whether spin excitation physics is reflected in
ultrafast experiments ought to be a priority of future experimental efforts.

We now address the change of dynamics in a field. Figure 7.5 presents another
curious result that awaits explanation. The b-axis response shows a slight increase of lifetime
in the magnetic field. Dramatic changes, however, occur along the a-axis. The picosecond
decay so typical of these materials was found to be absent in O field measurements. It is
apparently generated (or recovered) in the presence of the magnetic field. Moreover, it
has a familiar qualitative temperature dependence, namely the decay rate increases as the

temperature rises.
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Chapter 8

Theoretical Models

In this chapter we speculate on a few of the important issues central to under-

standing the nature of pump probe spectroscopy.

8.1 Two-Fluid Model and Optical Frequency Response

One of challenges posed in the introduction is to explain how a probe can be
sensitive to transformations occurring at the energy scale of the gap, yet be far removed in
energy. One answer rests with the application of the two-fluid model. As its name suggests,
the model allows us to approximate properties of a superconductor by considering the two
contributions of quasiparticles and condensate to the electrodynamic properties. The two
expressions below follow from the Drude model and a full discussion can be found in [68].

Using this framework, we first calculate the complex conductivity, o = o5 + o, =
01 + 109 where oy is the contribution from the condensate, and o, is the quasiparticle

component.
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7o) =22 (T5() + ) 81)
N2 1

(8.2)

7 is the quasiparticle scattering time. Equations 8.1 and 8.2 are linked by a
conductivity sum rule. It dictates that spectral weight (or the total number of carriers,

ns + ny,) must always be conserved. It is often expressed in the following form:

® 2
/ o ) o s TR0 (8.3)
0

2m

Therefore when the photoexcitation process depletes the superfluid d-function, real
quasiparticle conductivity must increase correspondingly. We are however free to determine
how it is to be distributed, provided that our distribution has some physical basis. Empirical
reflectivity data [57] of o show that spectral weight is lost up to about 1000cm™ upon
cooling, but it is most strongly depressed at ~400cm™.

The next step is to introduce the complex conductivity into a model of the linear
optical properties. To fix on an example, we choose to model the optical properties along
the b-axis of optimally doped YBCO. The linear optical properties are well characterized
in the literature, and it is also the orientation for which we get the largest response (see
figure 6.3). We simulate the complex frequency dependent dielectric function and use it to
compute the reflectivity. The procedure is summarized mathematically as follows:

€(w) = €0 + i# (8.4)
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Figure 8.1: o1 measured for three YBCO

single crystals for different doping lev--
els. We note that these measurements

are along the a-axis. The top figure shows

optimal doping with the strongest depres-

sion at 400cm~!. From reference [57].
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We used the following parameters in modeling the complex conductivity: 7 =

(8.5)

40psec, €0o=2(1+i), 05 +0n = 1.2x107[2-m] . Such values may be extracted from [15, 45].
Checks can be made that the calculated penetration depth and the dielectric function
behavior in our simulation agree well with empirical data.

We modify equation 8.2 to shift the spectral weight to a finite frequency (400cm™):
w — w — w,. The two traces in figure 8.2 show the dramatic changes possible simply by
shifting spectral weight at very low energies. At our probe energy, 1.5eV, the response is
transformed from being small of the wrong sign to a response of reasonable magnitude with

proper sign. In sum we present a scenario, using the two-fluid model, which shows how
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Figure 8.2: Two-fluid model simulation, using optimal YBCO b-axis optical properties.
The fractional change in reflectivity resulting when 1% of the condensate is converted to
quasiparticles. Red trace is shifted spectral weight response. Blue trace is unshifted spectral
weight response.

the physics at gap energies can influence the visible frequency optical response. A more
sophisticated model would shift the spectral weight to a band of frequencies. Spectrally

resolved measurements would suggest further refinements to this simulation.

8.2 Recombination Mechanisms

The range of decay timescales observed leaves little doubt that a number of relax-
ation mechanisms are operating at any given time. As a departure point for analysis, we

can model the recombination processes as a single exponential and a bimolecular process.
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The differential equation which describes both processes is given by:

dn n 2
R e Bn (8.6)
The solution is:
i
n(t) i (8.7)

1 Brno(1 — e_é)

Which term dominates the recovery process is determined by the rate limiting step. The
bimolecular term (~n?) describes a recovery in which the quasiparticle and hole must find
each other to recombine. Such a mechanism is clearly photoexcitation density dependent.
If quasiparticle and hole diffusion are sufficiently rapid their recombination may be lim-
ited by some other undetermined process. Whatever the pentultimate step, a reasonable
assumption is that this occurs with finite and fixed probability per unit time meaning we
should observe an exponential time dependence. A review of figures 6.1 and 6.2 suggest
that underdoped YBCO appears to have an intensity dependence that may be consistent
with the bimolecular picture, whereas optimal does not.

We argued previously that a recombination of a single quasiparticle with a hole via
phonon emission appears to violate simultaneous conservation of momentum and energy.
Thus higher-order processes seem worthy of investigation. As an example, one theoretical
treatment has argued that quasiparticle-quasiparticle umklapp scattering processes predict
the temperature dependence of the electrical transport properties [71]. How such processes

can be translated into an analysis of time dependence is the task of future theoretical efforts.
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Figure 8.3: Decay rate vs pump fluence for optimal(green) and underdoped(blue) YBCO
with pump and probe along b-axis. Rates are determined by fitting the data to a single
exponential. The time interval fit was between 95% and 70% of the maximum. T=10K.
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| Cha_pte.r 9
Summary and Future Directions

We close by highlighting some of the central observations presented in this thesis.

Our research prograrh has thfee principal aims: We wish to understand the recom-
bination pathway following photoexcitation. We haye made headway with an analysis of
decay rates in a BSCCO film. Nodal quasiparticle recombination is likely the final step in
the recombination process. Quasiparticle-quasiparticle scatteﬁng_ ﬁay alsé play an impor-
tant réle in the recover)./v of the condensate. A closely related issue we have carefully explored
is the rveéombinatfion dynamics. The lifetime spans well over an order of magnitude and has
been-stud.ied‘as a fUnction temperature,v".pump fluence, é,ﬁd magnetic_'_ﬁeld. As',a general
*rule, vre:covery'rof the»_vCOndén_sate slc;Ws with lower pump fluence or lower temperature. A
final motivat_ion h?,s beeﬁ to é_xﬁiain tfle sén'sit'-ivvity;vo.f thé probg fo low energy phenomené.
The two—ﬁiﬁ’d model -holdsvprorr.iis_e as aﬁ é}h.s_w'er" tcifi tha_’b question.

In the coﬁréé of kour invesfigation we haVe':_eri.coil_nf‘éred a number of i_riteresting

sample specific phenomena. An interesting result that _s'hould be further examined is the aa
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axis response optimal doped YBCO. It is unusual because it apparently lacks the behavior
we have come to associate with pair breaking. In particular, the response is extremely
small and rapid. With the application of a magnetic field the familiar behavior is restored.
Perhaps such response is unique to this probe energy.

A comparative study across classes of cuprates would be interesting. The nodal
quasiparticle picture does not fit the YBCO data well. Understanding why this is so might
be a big contribution to the field. Contrasts between dopings also merit a careful theoretical
treatment. Notable is the pronounced sensitivity of recombination rate to pump fluence in
underdoped below 30K. The variation in amplitude of response in a magnetic field also
invites a physical descriptiop.

Beyond the necessary theoretical development we ultimately require, there are
number of experimental avenues of interest: Developing spectroscopic capability is perhaps
the most promising direction to pursue. As previousiy mentioned, this could provide a
robust test of the two-fluid model’s applicability to explaining the photoinduced response.
Ultimately we would like to dramatically improve upon figure 4.3. A recent report on con-
tinuum generation(400-1400nm) in tapered fiber [6] holds tremendous promise. It appears
easy to implement and could enormously enhance our understanding of the pump-probe
response.

More magnetic field work could also prove interesting, especially if it can firmly
establish a relationship with neutron scattering results. Progress might be made in clarifying
the role of spin fluctuations in driving superconductivity. This scenario is particularly

attractive since pump-probe data are more readily obtained with superior signal to noise
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than neutron scattering data. Single value decomposition analysis might provide a picture
similar to ﬁgure 7.1 showing that only the superfluid response is depressed below T, in a
field.

MgBs was very recently determined to be a superconductor at ~40K. Isotope
shifts in T, suggest that it exhibits the familiar BCS phonon-mediated ..tsrpe coupling. Nev-
ertheless, little is known about the system at present and it may be instructive to probe
its picosec'ond dynamics. If nothing else, its high T. makes an examination of conventional
supérconductors more accessible. Buckyballs have also been studied and may be fertile
ground to explore further [25].

A thorough analysis would have to establish the fraction of the response which is
bolometric in origin. Looking along vthe aa direction in optimally doped YBCO‘ at lower
pump intensities While performing a temperature sweep, may sharpen the feature observed
at T(figured4.2). Following the work of Studenmund, a similar experiment could be per-
férmed on the>u1trafast system, again the pump and probe beams are displaced by at least
a beam diameter. |

This thesis has focussed on dynarriics in the picosecond regime.. There are, however,
effects on muchvlonger time scales which we did not address. Excised from the time traces

presented is a DC offset. Preliminary measurements show that this offset scales with the

average pump power and is also temperature dependent. A complete study must include 7

an analysis of what interaction may exist between the amplitude of the offset and the
picosecond dynamics. By introducing a pulse picker, it is possible to preserve the energy

per pulse and decrease average fluence thus minimizing the DC offset.
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Regardless which path is followed, patience is in order, if history is any guide.
BCS theory explained superconductivity 42 years after Onnes’ discovery. Only 15 years

have elapsed since we embarked on the high-T, odyssey.
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Appendix A

Aligning Tips

This section is intended as reference for those who choose to undertake similar
experiments but lack the expertise to setup an optical system. There are a number of
important steps in the alignment process and some of the “tricks” are described below.

A useful overall design consideration is'to set the probe beam and consider it fixed
and make adjustments to the pump beam as necessary. Additionally anyvmodulations are
made only to the pump arm, it has the rapid scan delay and the photoelastic modulator:

In this way the probe signal has a very stable DC background.

A.1 Delay Lines

The optical delay line may be oriented by using a razor blade to block half of the
reflected beam. Any modulation of the beam intensity measured by a power meter and
observed on an oscilloscope is an indication that the travel of the delay line is not parallel

~ to the beam. Deviations for the vertical and horizontal orientations of the blade should be
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simultaneously minimized. The figure of merit is the fluctuation of the beam intensity that
occurs when the power is reduced by half of its maximum. We achieved variations of less
than .5% for a range of travel which greatly exceeded the range of travel of interest.

The alignment of the stepper (Klinger) in the probe arm is much less critical, as
it is not moving during data acquisition. A proper alignment requires two steps, however.
Care must be taken to ensure the retroreflector which is manually adjusted performs its
job of reflecting the beam along a parallel path. This is accomplished by covering half of
the second reflecting surface and translating the mirror. The‘goal is the same as before,

minimize changes in.the reflected power.

A.2' Finding the Overlap

Oﬁce the pump and probe beams are co-propagating, it is a good- idea.to ensure
that they are parallel and at the same héight. The fprobé. beam is then focussed through the
optic ’a.x'is of the lens. Using a pinhole or razor blade moﬁnted on a translation stage and a
power meter, the position of the beam waist should be determined. The probe beam is then
blocked and the pump beam is then adjusted sé as to maximize the pinhole throughput.
Some experiments have used larger pump and smaller probe beams. This configuration can
probe a region of more uniform excitation density.

Another useful method for checking overlap and the extent to which the pump
beam is scattering into the probe beam is to _place a card with two small holes in it to
allow the incident beams to pass into the cryostat. The return beams shouid then hit the

card (on the opposite side) upon reflection from the sample, provided the beams are nearly
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normally incident on the sample surface. Using the translation stage to move the sample
in a direction perpendicular to the beam path while simultaneously observing the reflected
light will reveal small variations in the surface morphology. A precise synchronization of
these variations in the two beams indicates good overlap. Delayed or uncorrelated variations
mean adjustment is required.

Once a pump probe signal is obtained, we steer the pump beam, using a mirror

mount with fine pitch screws so that the signal is maximized.
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Figure B.1: Optimal doped BSCCO plotted on a semilog axis, showing the dominant single
exponential character of the decay kinetics.
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Figure B.2: YBCO: Peak response vs pump fluence. Peak pump power is 25mW focused
to a 80y diameter spot. Underdoped is blue, optimal is green. Note sublinear behavior for
the highest fluences. T=10K.
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Figure B.3: Comparison of three pump fluences on a temperature swept curve (optimally
doped from YBCO). Pump fluence is approximately .1(red), .03(green), .012(blue). The
inset magnifies the transition region, revealing the shift most clearly. T.=89K as measured
by SQUID. The temperature of the probe spot may differ substantially from the temperature
sensor at high pump fluences.
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Figure B.4: Extracted decay rate for underdoped(solid) and optimal(dashed) YBCO plotted
vs temperature for different pump fluences. In optimal, the recombination rate is insensitive
to temperature whereas large variations in the lifetime are apparent in the underdoped
sample. The time interval fit was between 95% and 70% of the maximum.
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