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Eric Mazur Maria Kandyla

ABSTRACT

This dissertation reports the ultrafast dynamics of aluminum during the solid-to-
liquid phase transition of melting after excitation by an intense femtosecond laser pulse.
Photoexcitation with intense femtosecond laser pulses is known to create a novel melting
mechanism called non-thermal melting. This mechanism has been observed repeatedly in
semiconductors, but not yet in metals. We investigate the melting mechanism of aluminum
by monitoring the reflectivity response following excitation by an intense laser pulse. We
employ an optical pump—probe technique designed to measure broadband reflectivity across
the visible spectrum with femtosecond time resolution.

A non-thermal melting mechanism was proposed for aluminum by optical exper-
iments that demonstrated transition of the optical properties from solid to liquid values
within 500 fs after phototexcitation. This result was later challenged by electron diffrac-
tion experiments, which showed that the lattice loses long range order within 3.5 ps during
photoinduced melting. This time scale implies conventional thermal melting.

We find that the broadband optical properties during the solid-to-liquid phase
transition in aluminum agree with the results obtained by the electron diffraction experi-
ments. The transition of the broadband reflectivity from solid to liquid values is complete
within 1.5 — 2 ps in our experiments, which is compatible with thermal melting. We don’t
observe time scales on the order of 500 fs. All the experimental evidence in this dissertation
lead to the conclusion that the laser-induced, solid-to-liquid phase transition in aluminum

is a thermal process.
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Chapter 1

Introduction

The study of solids is one of the richest and most successful fields of physics. There
are many reasons that contribute to the great interest in the field. From a theoretical point
of view, lattice symmetry allows for analytical and elegant in-depth analysis. From an
experimental point of view, solids are easy to handle and remain relatively unchanged over
long periods of time allowing for reproducible results. From the technological point of view,
solids are the building block of any product that offers easy access, minimum maintenance,
small volume, non-destructive transportation, long lifetime, and reliable performance.

It is of no surprise, therefore, that almost every property of solid materials has
been the subject of thorough investigation. Mechanical and electrical properties, chemical
reactivity, and heat transport have been characterized through numerous studies. Addi-
tionally, a big portion of scientific research has been devoted to the optical properties of
solids over the course of history. First, with conventional light sources the laws of reflection
and refraction in solids were established. Later, the invention of the laser in 1960 [1] gave
a priceless technological boost to the optical study of materials. Furthermore, the achieve-

ment of femtosecond laser sources in 1976 [2] allowed researchers to beat the time scales of
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the ionic motion in materials: for the first time we were able to blink fast enough.

The use of a femtosecond pulse as a stroboscopic probe allows the visualization of
chemical bond breaking, DNA unfolding, or structural transformations of matter. The ap-
plications of femtosecond laser sources span disciplines that range from chemistry to physics
to biology. Our area of focus is ultrafast electronic and lattice dynamics in solids, more
specifically phase changes (semiconductor-metal, order-disorder, solid-liquid, etc.) and co-
herent control on ultrashort timescales. Of the many ultrafast phenomena that have been
investigated, ultrafast phase transitions are perhaps the most challenging to characterize
fully due to the large number of electron-electron interactions at high excitation densities
and the significant lattice distortions that ensue. FEarly experiments on semiconductors
measured transient changes in linear and second harmonic reflectivity within a few hun-
dred femtoseconds. While these experiments indicated that significant material changes
occur and determined the relevant time scales, they did not provide sufficient information
to deduce the precise nature of those changes. Recently, femtosecond x-ray and electron
pulses have been employed to study ionic motion during non-thermal melting and other
laser-induced phase changes. In x-ray and electron probe experiments, a loss of lattice or-
dering can be measured directly, but changes in lattice bonding and electron energy levels
cannot. Conversely, femtosecond optical measurements, while unable to directly monitor
ionic motion, provide a detailed view of the carrier dynamics responsible for these tran-
sitions. Optical techniques offer the additional advantages of higher time resolution and
of measuring material response at wavelengths relevant to industrial applications. Thus,
time-resolved optical, x-ray, and electron probe techniques are complementary tools for
fundamental investigations of intensely photo-excited materials.

The topic of this thesis is the study of the laser-induced solid-to-liquid phase

transition of melting. The material to which the experiments were applied is aluminum,
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one of the most widely used metals. When using an intense femtosecond pulse to initiate the
transition it is straightforward to deposit heat rapidly into the lattice to bring it up to its
phase transition temperature. With a femtosecond probe we have the luxury to investigate
some unique questions. Is it possible to heat the lattice so quickly that theoretical models
would predict that the lattice would melt faster than the ions could actually move? At
extreme conditions under which the lattice is no longer a bound state, can the lattice
actually exist and if so, for how long? The novel melting mechanism that arises with the
use of femtosecond laser pulses is called non-thermal melting. Not all materials exhibit
non-thermal melting when photoexcited with a femtosecond pulse. The findings of this
thesis contribute to an ongoing debate of whether the melting mechanism of aluminum goes

through a thermal or a non-thermal path.

Organization of the dissertation

This dissertation is focused on the solid-to-liquid phase transition of aluminum.
This of course does not mean that these were the only experiments performed in the course
of the years devoted to the completion of the overall work. Significant part of our efforts
was invested on ultrafast dynamics and coherent control in semiconductors. In order not to
distract the flow of information too much we present these findings briefly, as an illustration
of our experimental technique.

Chapter 2 provides the theoretical framework for understanding the optical re-
sponse of solids and presents in detail one possible physical process to occur upon photoex-
citation of a material: the solid-to-liquid phase transition, or melting. Differences between
the optical response of metals and semiconductors are highlighted in an effort to elucidate
the relevant physical processes.

Chapter 3 discusses the optical methods by which we can acquire time-resolved
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measurements and elaborates on our variation of an optical technique, which expands on
previous experimental methods. As an illustration of our technique we present results on
ultrafast dynamics and coherent control in semiconductors obtained in our laboratory and
we close with a discussion on the limitations of our setup.

Chapter 4 gives the context in which our contribution belongs. First we discuss
the structural and optical properties of aluminum in order to help the understanding of
the data we present in the next chapter. Furthermore, we present the results of previous
studies on the laser-induced, solid-to-liquid phase transition of aluminum. We highlight
the discrepancies between the existing results and we proceed to address them in the next
chapter.

Chapter 5 presents femtosecond time-resolved measurements of the reflectivity of
aluminum during the solid-to-liquid phase transition over the spectral range 1.7 — 3.5 eV.
Previous optical and electron diffraction studies have shown discrepancies in the time scale of
the solid-to-liquid phase change, and have led to different interpretations of the transition
mechanism. Our experiments yield optical data that agree with the electron diffraction
study and verify that this transition is a thermal process mediated through the transfer of
heat from the photoexcited electronic population to the lattice.

Chapter 6 summarizes our findings and highlights the most important conclusions.
A series of future experiments, which aim at furthering the understanding of ultrafast

dynamics in metals, is proposed.



Chapter 2

Interaction of Light with Solids

The interaction of light with solids is a rigorously investigated subject. In the pre-
laser era, when the light sources were not as bright, it was the presence of matter that had an
impact on the properties of light. After the invention of the laser, and with the increasing
laser powers achieved in the laboratories, we are able to manipulate matter using light.
The optical properties of solids and the response of substances to extreme electromagnetic
conditions are of great technological importance. Light technology advances yearly and it is
important to discover ways of tailoring the optical properties of materials to technological
needs. In this chapter we provide the theoretical framework for understanding the optical
response of solids and we present in detail one of the many physical processes to occur upon

photoexcitation of a material: the solid-to-liquid phase transition, also known as melting.

2.1 Optical properties of solids

It is well established that matter affects light. For example, light reflects, refracts,
becomes absorbed, or shifts in frequency when it interacts with materials. The topic of

this thesis is actually the investigation of the opposite: how does light affect matter. In
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both cases, however, the pertinent properties are the optical properties of matter. Optical
properties such as reflectivity, absorptivity, dielectric function, optical conductivity, and
nonlinear susceptibility play an essential role in the interaction of light with matter. Solids,
more than any other form of matter, have been studied extensively in the presence of elec-
tromagnetic fields. The reason is twofold: first, solids are of great technological importance
and second, due to translational symmetry and ease in handling they constitute an acces-
sible field both to experimental and theoretical investigations. In the following sections we
will introduce the optical properties of solids and we will give the theoretical framework

that describes the interaction of light with matter.

2.1.1 Maxwell equations

When describing steady-state problems in electricity and magnetism the electric
and the magnetic fields can be treated as independent. However, when considering time-
dependent problems we realize that time-varying electric fields give rise to magnetic fields
and vice-versa. Then we must talk about electromagnetic fields. Light consists of time-
varying electric and magnetic fields, therefore we need to describe it as an electromagnetic
field. For this purpose we need to introduce Maxwell’s equations which describe the behavior
of electromagnetic fields in vacuum or inside matter. For the scope of this thesis we prefer

to present the equations that describe electromagnetic fields in the presence of matter [3]:

0B

E = —— 2.1

V x T (2.1)
oD

H = — 2.2

V x BN +J (2.2)

V-D = p (2.3)
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In the above equations E(r,t) is the electric field, B(r,t) is the magnetic induc-
tion, D(r,t) is the electric displacement, H(r,t) is the magnetic field, p(r,¢) is the free
charge density, and J(r,t) is the free current density. In most materials, where the electric
quadrupole and higher moment densities are negligible [3], the macroscopic field quantities

D and H are given by:

D = ¢E+P (2.5)
1

B = —H-M. (2.6)
Ho

Here, P and M are the electric polarization and magnetization of the medium,
respectively, while ¢g = 8.854 x 10712 F/m is the electric permittivity of free space and
po = 47 x 1077 N/A? is the magnetic permeability of free space.

In order to solve Maxwell’s equations one must know the constitutive relations

between D, H and E, B. For isotropic materials, these equations are taken as:

D = ¢cE (2.7)
B = popH (2.8)
J = oE. (2.9)

Equation 2.9 is the generalized Ohm’s law and o is the electrical conductivity of the
material. In Eq. 2.8 pop is the magnetic permeability of the medium, while y is called the
relative magnetic permeability because it is defined as the ratio of the magnetic permeability
of a substance to the magnetic permeability of free space, pg. Diamagnetic materials,
which consist of atoms with no net angular momentum, have pu < 1, while paramagnetic

materials, which consist of atomic units with unpaired electrons thus having a net angular
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momentum, have y > 1. In both cases, however, u is almost equal to 1 for most materials
and this is the convention we will follow in the rest of this thesis. Ferromagnetic materials
are paramagnetic but with drastically different behavior due to atomic interactions. Below
the Curie temperature ferromagnetic substances show spontaneous magnetization, M. The
application of an external field leads to saturation of the bulk magnetization, while removal
of the field leaves a permanent magnetization. For ferromagnetic materials Eq. 2.8 does

not hold anymore and a nonlinear functional relationship must be used:

B = F(H). (2.10)

In Eq. 2.7 €ge is the electric permittivity of the material and € is the dielectric
function. By definition the dielectric function is a dimensionless quantity. In most textbooks
€ is called dielectric constant but we prefer the term dielectric function because it is a
function of the frequency of the electromagnetic field incident on the medium. Because in
most materials ;1 = 1 as we mentioned above, the dielectric function is the most important
property when studying the optical response of matter. Knowing the dielectric function
one can infer a wealth of information about the material such as whether it is a metal or a
semiconductor, how it conducts electricity, or how it reflects and absorbs optical radiation,
to name a few examples. To illustrate how much the dielectric function depends on the
frequency of the applied field we can consider some known dielectric function values'. At
low frequencies (v < 10° Hz) where all charges, regardless of their inertia, respond to applied
fields, solids have dielectric functions in the range of 2-20. Distilled water has a much higher
dielectric function, € = 88 at 0° C. At optical frequencies (v ~ 10'® Hz) where only the

electrons can respond significantly, the dielectric function of solids is in the range of 2-3.

1 As we will show later the dielectric function is a complex quantity. The aforementioned values corre-
spond to the real part and are valid only away from resonances, meaning away from frequencies for which
the material is particularly absorptive. The purpose of mentioning these values is only for a qualitative
understanding of the frequency variation of the dielectric function.
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Water has € &~ 1.77 — 1.8 over the visible range independent of temperature. When an
electric field is applied to an isotropic material the induced polarization P is parallel to the

field E:

P = eoxE, (2.11)

where . is called the electric susceptibility of the medium. Combining Eqgs. 2.5, 2.11, and

2.7 we obtain

e=1+ Xe (2.12)

The presence of the dielectric function in Maxwell’s equations indicates that the
electric fields inside the matter are reduced by a factor 1/e when compared to the free
space value. This reduction is due to the polarization of the atoms inside the material that
produces fields in opposition to the external fields.

As we already mentioned the dielectric function is a very important intrinsic prop-
erty of a material, and it is sufficient to describe the optical behavior of the medium under
study. Due to the increased importance of the dielectric function we will devote the next
section in deriving analytical expressions for the dielectric function of different types of
materials and we will highlight the two major material categories from the dielectric per-

spective: metals and semiconductors.?

2.1.2 The dielectric function

As we already discussed the dielectric function is a quantity that depends on

the frequency of the applied field. In this work we are primarily concerned with optical

2The most accurate distinction is the one between metals and insulators. In essence semiconductors
are a subset of insulators but due to their increased technological importance they attract disproportional
attention.
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frequencies (v =~ 10'5 Hz) for which only the electrons have small enough inertia to respond
to the time-varying electromagnetic fields. Therefore, the behavior of the dielectric function
depends on the electronic properties of the material.

In semiconductors under equilibrium, valence electrons are localized between the
ions forming the covalent bonds. In order to model the dielectric function of a semiconduc-
tor, that is the response of the electrons of the medium to an externally applied electric
field, we need to consider a bound charge e of mass m which acts under the influence of a

restoring force [4]

F = —muwix, (2.13)

where wyq is the natural frequency of the charge about the equilibrium position and x is the
displacement of the charge away from equilibrium. When we apply an external electric field

E(x,t), the equation of motion for the charge becomes:

mx 4+ 7 + wix] = —eB(x, ) (2.14)

where v is a phenomenological damping constant. In order to proceed we will follow the
simplifying assumption that the amplitude of oscillation of the charge is small. This allows
us to neglect the space dependence of the electric field and to use the value of the field
at the average position of the charge. In the case of a harmonically varying electric field
with frequency w we have E(t) = Ee~ ™! where for simplicity we treat the problem in one
dimension. In this case we will try a solution of the form z(t) = Ce~**. By substitution in

Eq. 2.14 we obtain:

(2.15)
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In a solid it is more realistic to consider N charges per unit volume. Then the
induced polarization in the medium becomes P = Nex(t). From Egs. 2.11 and 2.15 we
obtain:

Ne? 1

Xe = 2 5 . -
€om Wi — w? — iwy

(2.16)

In reality it is better to assume that not all the electrons in the solid have the same binding
frequency wg. We can consider that f; electrons have binding frequency w; and damping
constant ~;. Then, with the aid of Eq. 2.12, we obtain the Lorentz model for the dielectric

function,

N62 I3
ew)=1+ v Z J (2.17)

w? —w? —iwy;’
The dielectric function is a complex quantity. From Eq. 2.17 the real and imagi-

nary parts read:

Ne? wg — w?
=1 0 2.1
Refe(w)] e (=W 1 (2.18)
N 2
Imle(w)] = —y—o) (2.19)

eom (wi — w?)? + w?y?’
In Figure 2.1 we plot the real and the imaginary part of a dielectric function derived by the
Lorentz model around a resonance wg = 1. When the frequency of the applied electric field,
w, approaches the binding frequency of the electrons in the material, wg, the imaginary
part of the dielectric function peaks, while the real part presents a characteristic wiggle.
Because of this dramatic behavior of the dielectric function around a binding frequency,
these frequencies are also called resonant frequencies and they are characteristic of the
material. In the resonant frequencies there is strong absorption of the external field by the

medium.
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Figure 2.1: (a) Real and (b) Imaginary part of a Lorentz dielectric function with one
resonance.

As we see in Figure 2.1(b) the imaginary part of the dielectric function is almost
zero everywhere except near the resonant frequency, so for most frequencies the dielectric
function is real. For most frequencies Rele] increases with increasing frequency and only
around a resonance it decreases, as we see in Figure 2.1(a). In the case where Rele] increases
with frequency, and this is the case most often, we say that we have normal dispersion while
in the case where Re[e] decreases with frequency we say that we have anomalous dispersion,
and this is the case where very interesting effects like soliton formation occur [5].

In metals the case is quite different. The valence electrons are not localized in
covalent bonds as in semiconductors, but they are delocalized and they are free to roam
around the crystalline solid forming a ”gas” of electrons. In order to derive an expression
of the dielectric function of a metal in the range of optical frequencies we need to consider
the response of a free electron to an applied electric field [6]. According to the Drude
model, which is the simplest model to describe the behavior of free electrons in a metal, the
equation of motion of a free electron in an electron ”gas” under the influence of an external

electric field is
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p+2=_cE (2.20)
T

Here, 7 is the average time that lapses before an electron picked at random suffers
a collision and is is also known as the mean free time or relaxation time. From the definition
of the relaxation time follows the definition of the mean free path of an electron, [ = vgT,
where v is the average electronic speed in the medium. The mean free path is the average
distance an electron travels in a metal between two collisions. If we consider a harmonic
field, E(t) = Ee~™! and we simplify the problem to one dimension then we seek a steady-

state solution of the form p(t) = Ce™™!. By substitution in Eq. 2.20 we obtain

—eFe it

/7 —iw

plt) = (2.21)

If we assume N electrons per unit volume in the metal, the current density is J =
—Nep/m. From this definition and using Eq. 2.9 we obtain for the electrical conductivity

of a metal

Ne2r 1
= —— 2.22
o) m 1 —iwT ( )
At zero frequency this quantity is known as the DC conductivity of a metal, o9 = NfiT.

In the above derivation of the conductivity we assumed that the applied field and the
current density do not exhibit spatial variation, 7.e. we assumed they are independent
of x. Essentially we used the value of the field at the average position of the electron
as a uniform value. We applied the same simplification above, when deriving the Lorentz
dielectric function, going from Eq. 2.14 to Eq. 2.15. In the case of the Lorentz model, where
we discussed bound charges, we were able to make this assumption because we considered

small amplitude oscillations. The Drude model, which assumes free electrons does not use
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the same assumption in order to justify the use of average values for the electric field.
However, there is another reason why this simplification holds. The current density at one
point in space, x, depends on the interaction of the electric field with the electron located
at x since the last collision of this particle. However for most metals the distance of the
location of the last collision from x is no more than a few mean free paths. Therefore if
the field does not vary much over distances on the order of the electronic mean free path
we may use the average value of the field at x as a uniform value. For visible light, the
wavelength is large compared to the mean free path and the approximation holds.
Once we know the conductivity we can calculate the dielectric function from [6]:
10

€w)y=14— (2.23)

€W
From Eqgs. 2.22 and 2.23 we obtain an analytic expression for the dielectric function ac-

cording to the Drude model:

Ne? iT

€(w) * eom w(l — iwT)

(2.24)

i\g ffL is also known as the plasma frequency. The real and imaginary part

The quantity wg =

of the Drude dielectric function are:

w27_2

Re[e(w)] = 1—ﬁ (2.25)
sz

Im[e(w)] = m (2.26)

Note that the Drude dielectric function, Eq. 2.24, can be derived from the Lorentz
dielectric function, Eq. 2.17, setting w; = 0 and 7 = 1/7. Both expressions arise from the
classical equation of motion of a charged particle inside an electric field and the difference

is the existence or not of a restoring force.
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In Figure 2.2 we plot the real and the imaginary part of a dielectric function derived
by the Drude model. The most characteristic features of a Drude dielectric function are the

negative real part and the diverging imaginary part as the frequency approaches zero.

200 ——— ' ' |
c “‘
2100 |
= \
S \
< .
o
£ e Im[e]
5 e
3 0
2 Rele]
-100 : I I I
0 1 2 ° ) i

frequency o

Figure 2.2: Real (solid line) and imaginary (dashed line) part of a Drude dielectric function.

In reality most materials have dielectric functions with contributions both from free
and bound electrons. Therefore it is not rare to create a model that combines both Lorentz
and Drude terms in order to explain successfully the optical properties of a solid. However, in
semiconductors the contributions from bound electrons (interband contributions) dominate
the picture while in metals the shape of the dielectric function is more Drude-like with small
interband features.

In Figure 2.3 we plot the dielectric functions of GaAs and Cu. GaAs, which is a
semiconductor, displays two resonances in the frequency window of the figure and can be
fitted successfully with the Lorentz model using two oscillators with resonant frequencies
at 3 and 4.5 eV [7]. Cu, on the other hand, is a metal and its dielectric function strongly
resembles the Drude dielectric function. We can see in Figure 2.3(b) the negative real part

and the diverging imaginary part. The most prominent deviation from the Drude shape is
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a feature near 2 eV which arises from the interband transition of d-band electrons into the

conduction band [6]. This feature is responsible for the reddish color of Cu.
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Figure 2.3: Real (solid line) and imaginary (dashed line) part of the dielectric function of
(a) GaAs and (b) Cu.

Electronic effects are not the only contributions to the dielectric function of a
medium. In the next section we will examine additional contributions to the optical prop-

erties of solids.

2.1.3 Relationship between dielectric function and band structure

In the previous section we derived two models for the dielectric function of a
material based on the response of the valence electrons in the presence of an electric field.
It has been shown in time-resolved experiments that a short laser pulse interacts primarily
with the valence electrons because they have much smaller inertia than the ions [8-10].
When the laser excitation is sufficiently weak, the excited electrons will eventually relax
back to the ground state and the material will reach equilibrium with little lattice disorder.
In this case the optical response of the material is dominated by the excited electronic
population and the discussion of section 2.1.2 is applicable. When the laser excitation is

strong, the lattice will deform significantly due to the electronic excitation and the optical
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properties of the material will be modified not only by the excited electronic population but
also by the lattice deformation. The most striking example is how the optical properties
of a surface change after melting or ablation, in many cases even to the naked eye [11-14].
Furthermore, the optical properties of solids are known to change between single-crystal
and pollycrystalline samples or between films of different thicknesses and grain size [15,16].

Lattice and electronic effects are taken into account when deriving the band struc-
ture of a medium. By knowing the band structure of a material one can make valid predic-
tions about the dielectric function and it is often the case that band structure calculations
aim at increasing the understanding of the optical properties of a given medium. The fact
that semiconductors and metals are best described with different models for the dielectric
function is also manifested in the band structure. In semiconductors there is a forbidden
energy range, while in metals all energy eigenvalues are accessible by the electronic states.
In semiconductors the valence bands are completely filled and the conduction bands are
completely empty. Upon photoexcitation the electrons can follow only one path that will
allow them to accommodate the excess energy they absorb from the incident electric field:
they are promoted from a filled valence band to an empty conduction band. This transition
gives rise to an interband contribution to the dielectric function which is best modeled by the
Lorentz model. In this case the resonant frequency in the Lorentz description corresponds
to the energy difference between the two states participating in the electronic transition
through the relation £ = hw. Figure 2.4 shows the band structure and dielectric function
of GaAs.

As we discussed earlier, the dielectric function of GaAs has two resonances centered
at 3 and 4.5 eV. Looking at the band structure it is obvious that the resonances arise from
transitions around the L and X points of the first Brillouin zone [6]. The reason why

these transitions dominate the optical spectrum of GaAs is that around these points the
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Figure 2.4: (a) Band structure and (b) Dielectric function of GaAs. The optical resonances
centered at energies F; and Fs arise from electronic transitions around the L and X points
in the band structure (shaded regions).

valence and conduction bands are nearly parallel, thus increasing the probability of such
transitions [17,18].

In metals the situation is different. The highest occupied band is usually only
half-filled and this offers the possibility of intraband electronic transitions occurring upon
photoexcitation, that is electrons reaching a final state, the energy and wavenumber of which
belong to the same band as the initial state. Intraband transitions are best described by the
Drude model which indeed is a good first approximation for the dielectric function of many
metals. However, interband transitions are also possible, either from the highest, partially
occupied band or from lower-energy, filled bands to higher unoccupied bands. Figure 2.5
shows the band structure and dielectric function of Cu.

Cu (3d'%s!) has all bands below the 4s band completely filled and the 4s band
half filled. The five different 3d bands are the highest bands to be filled and they fall
within a narrow energy range, denoted in Figure 2.5(a) by the shaded region. Interband
transitions between the d bands and the 4s band are possible (little arrows), giving rise
to the interband feature in the dielectric function of Cu around 2 eV. The big arrows in

2.5(a) indicate another possible interband electronic transition, this time from the partially
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Figure 2.5: (a) Band structure and (b) Dielectric function of Cu. The interband feature of
the dielectric function around 2 eV arises from electronic transitions between the d-band
(shaded region in (a)) and the conduction band.

occupied 4s band to a higher empty conduction band.

It is clear at this point that the shape and occupation numbers of the band struc-
ture is associated with the optical properties of solids. In experiments where electrons and
lattice are strongly driven by the excitation field, the observed optical properties change dra-
matically. With the appropriate framework these optical changes can be linked to changes
in the band structure and eventually to changes in the crystal itself. The band structure
is a path connecting the optical properties of a material to the electronic and lattice con-

figuration in the crystal. Its importance in connecting optical data to physical processes

cannot be easily overestimated.

2.1.4 Light at an interface

So far we have described the behavior of light inside bulk matter. However, in
most practical cases light travels through multiple objects, for example it hits the front
surface of a mirror when traveling through air, or it penetrates the lens of someone’s glasses
before reaching the human eye. Therefore if we want to have a complete description of

light-matter interactions we must describe the behavior of light at an interface between two
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different materials. For this purpose we must consider light as a wave. The easiest way to
obtain a wave equation for light is by rewriting Maxwell’s equations 2.1 — 2.4 in a space
free of net charges and currents for simplicity. With the aid of the constitutive relations 2.7

and 2.8 Maxwell’s equations become:

0B

E = ——— 2.2

V x o (2.27)

VxB = 660#/1,087}3 (2.28)
ot

V-E = 0 (2.29)

V-B = 0. (2.30)

Taking V x the first equation and substituting the second and the third gives the
wave equation for E, while taking V x the second equation and substituting the first and

the fourth gives the wave equation for B:

O’E
2 _
V°E — €€ pifto 5 = 0 (2.31)
9’B
2 _
VB — eeoppio 52 = 0. (2.32)

The solutions to the above wave equations are the usual solutions of a traveling wave with

velocity
1 c
Vet M ( )
The above equation indicates that the value of the speed of light in a material is
reduced from the value of the speed of light in vacuum, ¢ = \/ﬁ, by a factor n = ,/eu, also

known as the index of refraction of the material. In most materials 4 = 1, as we discussed
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in section 2.1.1, so the index of refraction is related to the dielectric function of a material

by

n(w) = Ve(w). (2.34)

Because the dielectric function is a complex quantity the index of refraction is also a complex

quantity,

n=1n+is. (2.35)

The real part of the index of refraction, 7, is also called index of refraction and the
imaginary part, s, is called the extinction coefficient for reasons that will become obvious
later. The real and imaginary parts of the dielectric function are related to the real and

imaginary parts of the index of refraction by

Rele] = n?— &2 (2.36)
Im[e] = 2nk. (2.37)
Conversely,
n = \/; (Re[e} + /Rele]? + Im[e]Z) (2.38)
K = fmie] . (2.39)

\/2 (Re[e] + +/Rel€e]? + Im[eP)
In order to understand the physical meaning of the refractive index and the ex-

tinction coefficient we need to consider one possible solution to the wave equation 2.31:

E(z,t) = Epelkz=wt), (2.40)
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Equation 2.40 describes a wave traveling in the z-direction. In the simplest case Ej is a
constant which does not depend on position, or time, or frequency and the above equation
describes a monochromatic wave. The wave number k£ and the frequency w must satisfy the

condition

1
. S (2.41)
k NCI
therefore Eq. 2.40 can be rewritten as
E(x,t) = Bye'(er=wt) — prererelncr—wt), (2.42)

where we made use of Eq. 2.35. Now the physical meaning of the index of refraction, 7,
and the extinction coefficient, x, becomes transparent. The speed of light in the medium
is determined by 7 in the way predicted by Eq. 2.33: v = ¢/n. The existence of an
imaginary component, k, leads to exponential decay of the electric field in the medium
due to absorption. It is easier to observe the absorption of the experimentally measurable
intensity of light, which depends on the square amplitude of the electric field. Therefore,

according to Eq. 2.42, the intensity inside the medium varies as

I(z) = I(0)e2rex, (2.43)

Based on the intensity decay we define the absorption depth, or skin depth, or
penetration depth, as the distance [ over which the intensity drops to 1/e of its initial value

I1(0). The inverse of the absorption depth is the absorption coefficient

B 2kw B Ak

—_— 2.44
v - (2.44)

where \g is the wavelength of the electric field in vacuum.
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Now that we have established the description of light as a wave it is easy to imagine
what happens when an electromagnetic field meets an interface between two materials: part
of it reflects off the boundary and part of it transmits into the second material. These

processes are presented pictorially in Figure 2.6.

medium 1 medium 2

Figure 2.6: Reflection and transmission at interface. k;, k,, and k¢ are the wave vectors
of the incident, reflected, and transmitted field, respectively. 6;, 0,, and 6; are the angles
of the incident, reflected and transmitted beam propagation direction with respect to the
surface normal, respectively.

In the figure we plot an electric field with wave vector k; incident on an interface
between two materials at an angle 6; with respect to the surface normal. Part of the field
reflects at an angle 6, and propagates into medium 1 with wave vector k, and part of it
transmits into medium 2 at an angle 6; and propagates with wave vector k¢. Applying the
appropriate boundary conditions [19] that determine the behavior of an electromagnetic

field at an interface, we obtain the law of reflection

0; =0, (2.45)

and Snell’s law
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n;sind; = nysinb;, (2.46)

where n; = nq is the index of refraction of medium 1, in which the incident beam propagates,
while n; = no is the index of refraction of medium 2, in which the transmitted beam
propagates.

Application of the boundary conditions provides us not only with laws about the
geometry of the reflected and transmitted beams but also allows us to determine the fraction
of the incident power that will be reflected and transmitted. These fractions depend on the
angle of incidence, the properties of the two media, the frequency and polarization of the
incident field. The polarization of the field is defined with respect to the plane of incidence.
The plane of incidence is the plane defined by the direction of propagation of the incident
field and the surface normal. For example, in Figure 2.6 the plane of incidence is the plane
of the paper. An electric field is called p-polarized if the field vector (not shown in Figure
2.6) is parallel to the plane of incidence and s-polarized if the field vector is perpendicular
to the plane of incidence. The equations that determine the fraction of the incident field
to be reflected and transmitted at an interface are called the Fresnel equations and for

p-polarized fields read [3]

B1,,2 _ 2 2.2
E, ;nacost —niy/n; —nisin®f
; 2 2 2 2
g %n2 cos 0 +niy/n; —nisin® 0
E, 2n1n9 cos 6
t, = = = , (2.48)
i M1,2 /o2 2.2
£y cos 0 4 n1y/n5 — nysin” 0

where 6 = 6; is the angle of the incident beam. The above equations assume that the beam

is incident from medium 1 to medium 2. For s-polarized fields, Fresnel equations become
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E nycosf — % n3 — n?sin? 0
re = fr — (2.49)
P ompcost+ Gy /ng —ni sin? 0
E 2 0
fo= =t 111 €08 . (2.50)
E; 2 2

nq cos O + Z—; ny — ny sin2 0
The quantities 7 and ¢ are complex numbers because the index of refraction is
complex. More useful and experimentally measurable are the reflectivity R and transmis-
sivity T', which measure the fraction of the power of the incident field to be reflected and

refracted. Analytical expressions for these quantities read [20]

I

R = Z=|rp (2.51)
I;
I; nacosby o

T = —=——=|t“. 2.52
I; nqcosby | ( )

In most materials ;x = 1 and the Fresnel equations can be simplified. Furthermore,
in many practical applications medium 1 is air with n = 1 and medium 2 is the material
under investigation with dielectric function e. In this case the Fresnel equation take the

much simpler form

ecosf — /e —sin? 6
o= (2.53)
P ccosfh + e —sin?6
2 0
t, = Ve cos (2.54)

ecosf + /e —sin® 6
cosf — /e —sin? 6

= (2.55)

cosf + e —sin’ 6

2 cos 0
= €08 (2.56)

cosf + \/e—sin29'

Figure 2.7 shows the p and s reflectivity of Al at 800 nm as a function of angle

of incidence. We observe that while p-reflectivity reaches a minimum, s-reflectivity varies
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monotonically with angle. This is a common behavior in all materials and it is a consequence
of the functional form of the Fresnel equations. In many materials there is an angle where
the p-reflectivity vanishes, the so called Brewster angle. In materials like Al, where the p-
reflectivity does not entirely vanish, the angle of minimum is called pseudo-Brewster angle.

The Brewster angle is given by

fp = tan~ ! n2 (2.57)
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Figure 2.7: p- (solid line) and s- (dashed line) polarized reflectivity of aluminum at 800 nm
as a function of angle of incidence.

Since most optical experiments are based either on reflection or transmission mea-
surements the Fresnel equations are extremely useful for the study of the optical properties
of materials. Furthermore, as we will discuss later, the Fresnel equations relate observable
quantities, like reflectivity and transmissivity, to intrinsic optical properties of a material,
like the dielectric function, and they are extremely useful in analyzing optical data to infer

changes in the material structure and electronic configuration.
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2.1.5 The Kramers-Kronig relations

As we mentioned above, the dielectric function is a complex quantity. However,
the real and imaginary parts of the dielectric function are not independent variables. They

are connected by the Kramers-Kronig relations [3]

Refe(w)] = 1+ 73/0o hj — W (2.58)
Imfe(w)] = —71_77/ Rew/_)l}_ldw’. (2.59)

According to the Kramers -Kronig relations, if we can determine the imaginary
part of the dielectric function from absorption measurements then we can infer the real
part. In reality, however, the measurement will have to extend over a very large range of
frequencies because for the correct application of the Kramers-Kronig relations, knowledge
over an infinite frequency interval is required. For this reason it is often the case that in
practical applications people prefer to take more than one set of measurements in order to

determine the real and imaginary parts of the dielectric function independently.

2.2 Laser-induced structural changes in solids

The dynamical properties of the electrons and the lattice in solids define many basic
properties of these materials, such as conductivity, superconductivity, magnetism, linear
and nonlinear optical characteristics. For this reason carrier dynamics and other transient
electron behavior in bulk, single crystals or polycrystalline thin films are of fundamental
importance. One way of inducing extreme nonequilibrium processes in the laboratory in
order to study the resulting dynamics is by excitation with intense, ultrashort laser pulses.

However, a comprehensive understanding of the relevant physics remains elusive due to
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the extreme non-perturbative nature of strong-field laser interactions with valence and core
states.

Previous studies have shown that large laser-induced changes in carrier occupation
in metals and semiconductors can lead to substantial band structure renormalization and
even to structural phase transitions [10,21-25]. An ultrafast laser pulse, with a duration
shorter than the excited electron energy-loss lifetime, can rapidly heat electrons to a very
high temperature while leaving the lattice relatively cool since the heat capacity of the
electrons is much smaller than that of the lattice. This transient two-temperature system
tends to reach equilibrium within a few picoseconds via electron-phonon interactions as well
as electron transport out of the excited region. In the perturbative low-intensity regime,
the excited region reaches equilibrium with little disorder [26]. In the high-intensity regime,
on the other hand, a plasma can be created and the plasma-related phenomena, such as
hydrodynamic expansion or resonance absorption need to be taken into account [27-32].
For laser intensities slightly lower than the ones required for plasma formation, structural
changes such as melting [22] and ablation [11,12] take place and the material is perma-
nently modified. Previous studies have shown a novel non-thermal melting mechanism in
semiconductors [10,33-39]. This non-thermal process is typically very fast, on the order of
hundreds of femtoseconds, and occurs when the ions rapidly gain kinetic energy after the
laser-induced electronic excitation and rearrange themselves in a liquid configuration before
the lattice has enough time to thermalize.

In this thesis we are primarily concerned with the solid-to-liquid phase transition
(melting). In the following sections we will highlight the differences between thermal and
non-thermal melting in order to provide the appropriate background for the presentation

of our experimental data on the solid-to-liquid phase transition in aluminum.
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2.2.1 Laser-induced thermal melting in metals

The process of laser-induced thermal melting applies both to metals and semicon-
ductors. We choose to illustrate the mechanism in the case of a metal in order to help the
discussion of our study on aluminum that will be presented later.

Figure 2.8(a) shows the crystal of a metal, where the ions and core electrons occupy
lattice cites and the valence electrons become detached and form the electron gas, or Fermi

sea of electrons.
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Q00900900909 1.0
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Figure 2.8: (a) The crystal of a metal. Circles: ions and core electrons. Shaded background:
valence electron gas. (b) The Fermi-Dirac distribution at 7' = 0 K.

The valence electrons follow the Fermi-Dirac distribution, according to which, the

probability f(FE) of one electron occupying a state with energy FE is

1
F(E) = e(BE-n)/KpT 4 1’

(2.60)

We note that the probability depends on the temperature T of the electronic
population which, under equilibrium, is the same as the temperature of the metal itself.

The chemical potential, i, is equal to the Fermi energy of the material, Ep, at T =0 K

lim o = E. 2.61
Tk T (2.61)
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The Fermi energy is the energy of the highest-energy occupied one-electron level.
Although strictly speaking the chemical potential equals the Fermi energy only at zero
temperature, in the case of metals it remains very close to the Fermi energy at higher
temperatures as well and it is often the case that the two quantities are used interchangeably.
Figure 2.8(b) shows the energy distribution of the electrons in a metal at zero temperature
according to the Fermi-Dirac description. All energy levels up to the Fermi energy are
occupied with probability 1 and all levels above the Fermi energy are empty.

At room temperature the situation is slightly different. Figure 2.9(a) shows a
schematic of a metal at 7' = 300 K where the electronic population is ”hotter”. Figure
2.9(b) shows how the Fermi-Dirac distribution evolves at a temperature above absolute
zero. Due to thermal excitation the electrons closer to the Fermi energy gain kinetic energy
and raise their total energy by about KT and occupy energy levels above the Fermi energy,

leaving some energy levels below the Fermi energy empty.

f1 T-300K
1.0

>

kT E

B

(@) (b)

Figure 2.9: (a) The crystal of a metal. Circles: ions and core electrons. Shaded background:
valence electron gas. (b) The Fermi-Dirac distribution at 7' = 300 K.

The situation changes drastically upon the arrival of a femtosecond laser pulse [26],

as shown in Figure 2.10. The top panel shows the arrival of the laser pulse. We label this
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instant as At = 0. Initially the laser pulse is absorbed by the valence electrons within
a volume starting from the illuminated surface and reaching deeper into the bulk up to
the penetration depth of the incident field. The absorption of the laser pulse changes the
electronic energy distribution significantly. A fraction of the valence electrons of the metal
absorb photons of energy £ = hr and occupy states above the Fermi energy, leaving empty
states behind. At the top panel of Figure 2.10 we show the resulting energy distribution
for the electrons right after photoexcitation, where for simplicity we assume only linear
absorption, meaning that each electron absorbs only one photon and gains one quantum of
energy. In reality under strong excitation conditions multiphoton absorption is also possible
although with a much smaller probability than linear absorption. The energy distribution at
At = 0 is not a Fermi-Dirac distribution. It is a non-equilibrium distribution and we cannot
define a temperature for the electronic system at this point. The photoexcited electrons
immediately engage themselves in two parallel processes. One process is ballistic excited
electron transport into deeper parts of the crystal with velocities close to the Fermi velocity.
For example, we mention that the Fermi velocity for gold is 1.4 x 10° m/s [6]. This process
redistributes the absorbed laser energy deeper into the sample, increasing the photoexcited
volume and decreasing the energy density stored in the material. The second process
is electron-electron collisions which redistributes the energy of the photoexcited electrons
among the entire electronic system and helps in establishing a thermal equilibrium among
the electrons.

After tens or hundreds of femtoseconds, depending on the material and the exci-
tation strength of the incident field, the situation evolves into what we show in the middle
panel of Figure 2.10. The photoexcited depth now lies beyond the optical penetration
depth, due to ballistic motion of electrons. The energy distribution of the electronic popu-

lation inside the photoexcited region is again a Fermi-Dirac equilibrium distribution due to
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Figure 2.10: Top panel: an incident laser pulse is absorbed by electrons near the surface
(right) and creates a non-equilibrium electronic distribution (left). Middle panel: Electrons
reach a temperature T, (left) and start thermal diffusion (right). Bottom panel: electrons
and lattice reach a common temperature (left) and thermal conduction starts (right).

electron-electron collisions. However, the energy absorbed by the laser pulse has increased
the temperature of the electrons and the spread of the distribution around the Fermi energy
is wider than in room temperature. So far no energy has been transferred to the lattice.?
Therefore at this point the electrons and the lattice are two systems with different tem-
peratures. The electronic temperature, T, is much higher than the lattice temperature,
;.

We can attempt an order of magnitude estimate of the electronic temperature
based on the fact that the energy density stored in a thermal bath of electrons of temperature

T, is [26]

3In reallity, through electron-phonon scattering some energy has already been transferred to the lattice
but it is negligible because in such a short time very few electron-phonon scattering events have occured.
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1
Q= ;CTe, (2.62)

where C, is the constant-volume heat capacity, or specific heat, of the electrons. The heat
capacity of electrons is proportional to their temperature, C.(T.) = 7T, and given that the
absorbed energy density is the energy density deposited by the laser, 1, we can estimate
the electronic temperature as

_ 2QL 2 Fabs

= (2.63)

¢

In the above equation we express the energy density in terms of the absorbed laser
fluence, Fyps, which is given by the absorbed laser energy divided by the area of the incident
beam. Dividing the absorbed fluence by the deposition depth, d, we obtain the absorbed
energy density. The ballistic range for gold was found to be approximately 100 nm [40]. We
will use this value as the deposition depth. For an absorbed fluence of 10 mJ/cm?, which is
a typical value for strongly driven photoexcitation experiments, and v = 71 J/m3K?2, which
is the electronic specific heat for gold [41], we obtain T, = 5,300 K. This is the maximum
temperature reached by the electronic system, before coupling to the lattice takes place. At
the same time the lattice’s temperature is equal to room temperature, 7; = 300 K, since not
enough time has lapsed for the energy deposited by the laser to be transferred to the lattice.
Therefore the two systems, electrons and lattice, have dramatically different temperatures
on the femtosecond time scale.

The two systems will now start reaching an equilibrium through electron-phonon
collisions, which transfer energy from the hot electron bath to the cold lattice. At the
same time the hot electrons start a diffusive motion deeper into the material due to the
temperature gradient between the electrons in the photoexcited region and the electrons

in the rest of the material. The diffusion speed in much slower than the ballistic motion.
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After a few picoseconds these processes create the picture we show at the bottom panel
of Figure 2.10. Now the electrons and lattice have one common temperature and energy
transport to deeper parts of the material proceeds by lattice thermal diffusion. The speed
of this process depends on the heat conductivity of the lattice. If the temperature of the
lattice at this point is higher than the melting temperature of the material, melting occurs.
This mechanism is called thermal melting and it is governed by picosecond time scales. The
time scale is set by the electron-phonon coupling strength of the material because this is
the mechanism through which energy is transferred to the lattice.

For a microscopic description of melting we need to think in terms of ionic dis-
placements. Figure 2.11(a) shows the lattice of a metal during equilibration with the hot
electrons. The phonons emitted through the electron-phonon coupling effects result in
oscillations of the ions around their equilibrium positions. As more and more energy is
transferred to the lattice the amplitude of the oscillations increases until the lattice be-
comes destabilized and the ions start wandering great distances resulting in melting of the

solid, shown in Figure 2.11(b).

(a) (b)

Figure 2.11: (a) Excitation of large amplitude oscillations through electron-phonon coupling
in a photoexcited metal leads to loss of long-range order and melting (b).

In this section we provided a qualitative picture of thermal melting. A quantitative
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description follows in the next section.

2.2.2 The two-temperature model

Once the electronic system of a photoexcited metal has reached equilibrium with
a high temperature T, different than that of the lattice 1}, a quantitative description of the

ensuing dynamics is given by the two-temperature model [42]

or,. 0 oT,
Ce(Te) a9 (Keaz> —g(T. = T)) + P(r,t) (2.64)
oT;
Gyl = 9(T.—T). (2.65)

In the above equations C, = 7T is the electronic specific heat, K. is the thermal
conductivity of the electrons, g is the electron-phonon coupling constant, P(r,t) is the laser
power density (given in W/m3), and C} is the lattice specific heat.

The two temperature model captures the physical processes we described in Sec-
tion 2.2.1. The first equation denotes that the electrons gain energy from the absorbed laser
energy, which helps raise their temperature, and then redistribute this energy through ther-
mal diffusion and coupling to the lattice. The latter processes help decrease the electronic
temperature. The second equation shows that the only way for the lattice to gain energy
is through electron-phonon coupling.

The existence of two equilibrium systems with different temperatures inside the
solid is a novelty of femtosecond science. With nanosecond and even picosecond laser pulses
the duration of the laser pulse is comparable to the time scale of electron-lattice equilibration
and therefore by the time the excitation pulse is gone the electrons and lattice are already in
equilibrium with a common temperature. Only femtosecond pulses beat the electron-lattice

equilibration time preparing the metal in this unusual state. The two-temperature model
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was very successful in describing this new state of matter and its particular contribution was
the inclusion of the electron-phonon coupling constant as the only source of communication
between electrons and lattice.

Equations 2.64 — 2.65 are valid for bulk samples. By bulk we mean any sample
with thickness greater than the ballistic range of the photoexcited electrons. If the sample
thickness is smaller than the ballistic range then during the first femtoseconds after the
arrival of the laser pulse, ballistic electrons are able to travel through the bulk of the metal
reaching the back surface and to reflect towards the front surface. Multiple reflections
result in homogeneous heating of the electronic population across the film thickness and the
diffusion term in Eq. 2.64 disappears because there is no temperature gradient among the
electrons.

Once we neglect the diffusion term in the two-temperature model, the equilibra-
tion between electrons and lattice speeds up, as shown in Figure 2.12. This Figure shows
two-temperature model calculations which predict the evolution of electronic and lattice
temperatures following laser excitation in the case of a 20-nm thick Au film (solid lines)
and a bulk Au sample (dashed lines). We observe from the Figure that the bulk sample
reaches electron-lattice equilibrium much faster than the thin film.

Another consequence of trapping all the laser energy inside a very thin film is
that we achieve higher energy densities stored in the thin film compared to a bulk sample
where energy would diffuse deep into the material and the energy density would drop.
As a result, very thin films have lower damage thresholds than bulk samples of the same
material, meaning the minimum incident laser energy required to create damage is lower
for thin films.

The two-temperature model is a quantitative description of thermal dynamics

that follow photoexcitation of a metal. The mechanism proposed is called thermal because
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Figure 2.12: Solution of the two-temperature model for the case of phototexcited bulk Au
(dashed lines) and a 20-nm thick Au film (solid lines). After Ref. [26].

we assume that at every instant the electrons and lattice are systems with well defined
temperature. As we mentioned above, a state of matter where the electrons and the lattice
have different temperatures is accessible only by femtosecond lasers. However this is not
the only exotic result obtained with femtosecond lasers. Non-thermal melting is a process
observed and initiated only when femtosecond lasers became available. In the next section
we will discuss non-thermal melting and we will highlight its differences compared to thermal

melting.
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2.2.3 Laser-induced non-thermal melting in semiconductors

The effect of non-thermal melting was observed in a series of experiments in semi-
conductors where photoexcitation was provided by a femtosecond pulse. The effect has
been investigated rigorously both with optical pump-probe experiments [10, 33-36, 43, 44]
and with x-ray diffraction measurements [37-39] and it is now well understood.

In semiconductors the valence electrons are not detached from the ions like in
metals, but they are localized between atomic lattice sites forming covalent bonds between
the atoms of the material. When a laser pulse is incident on the material, the valence
electrons absorb photons and some of them become excited from bonding to anti-bonding
states. As a result free carriers are created in the photoexcited region and electronic charge
is removed from areas located between the ions. Due to the removal of the negative charge,
the screening of the ionic potential is reduced and the ions start repelling each other. The
lattice deforms in order to reach the new equilibrium position. According to the Lindemann
criterion [45] if the atomic displacement exceeds 10-20% of the lattice constant the solid
will melt. This is a non-thermal melting mechanism because it happens really quickly after
the arrival of the laser pulse, before the electrons have the time to equilibrate and reach
a uniform temperature T.. Moreover, the lattice does not deform due to large-amplitude
oscillations induced by an increase in its temperature, as in thermal melting, but due to
deformation created by the altered potential landscape after the electronic photoexcitation.
The experimental studies showed that the process is complete in hundreds of femtoseconds,
much faster than the picosecond time scale of the thermal melting mechanism, set by the
electron-phonon coupling constant.

Theoretical investigations [46] came soon after the experimental realization of non-
thermal melting. Figure 2.13 shows calculations of the cohesive energy per atom in the

lattice of Si as a function of the amplitudes of the transverse and longitudinal phonons &;



Chapter 2: Interaction of Light with Solids 39

and 0y, respectively. Figure 2.13(a) shows material in equilibrium; the energy is minimum
at §; = 9; = 0; the ions prefer to stay at the equilibrium position and phonon excitation is
not preferable. Figure 2.13(b) shows the material when a dense electron-hole plasma has
been excited by a laser pulse. In this particular case it is assumed that 15% of the valence
electrons have been excited to anti-bonding states ({y = 0.15). We see that what before
was a minimum now is a saddle point; a repulsive potential has been established from the
presence of the electron-hole plasma and the excitation of phonon modes, leading to lattice

deformation is preferable.

E,, (V)

Figure 2.13: (a) Calculation of the cohesive energy per atom as a function of transverse (;)
and longitudinal (0;) phonon amplitudes for Si in equilibrium. (b) After the photoexcitation
of 15 % of the valence electrons a repulsive potential is established . After Ref. [46].

Figure 2.14 shows several trajectories resulting from the potential surface of Figure
2.13(b). Before the laser pulse (¢ < 0) the crystal is stable and it performs oscillations
within the dark region around the ideal diamond structure where §; = §; = 0. The different
trajectories shown in the Figure result from different phases in the oscillations. After the
laser pulse a superposition of transverse and longitudinal phonons is excited and leads the
atoms to increasing displacements from the equilibrium position. When the displacements
become large enough, which happens 100 fs after the arrival of the laser pulse, the atoms

are far enough from the lattice sites that long-range order is lost and Si reaches the molten
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state, which is metallic rather than semiconducting.
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Figure 2.14: Ionic trajectories following the potential of Figure 2.13(b). 100 fs after the
arrival of the laser pulse Si has melted into a metallic state. After Ref. [46].

The two mechanisms, thermal and non-thermal melting differ drastically. In ther-
mal melting the lattice equilibrates with the electrons and heat is transferred from one sys-
tem to the other. In non-thermal melting the two systems do not have time to equilibrate.
Thermal melting is induced by large amplitude oscillations triggered from the increase in
the lattice temperature. Non-thermal melting is induced by ionic deformations caused by
a repulsive potential established between the ions due to the presence of the photoexcited
electron-hole plasma. Experimentally, the clear signature of non-thermal melting is the
subpicosecond time scale of the effect. Thermal melting takes picoseconds to occur because

it depends on electron-phonon coupling processes which are slower.
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2.3 Summary

The interaction of light with matter is described by the Maxwell equations. The
effects of mater are cast in the dielectric function, which depends on the electronic config-
uration of the material. Most materials are described successfully by combining the free
and bound electron models for the dielectric function. Knowledge of the band structure of
a solid helps in explaining the optical properties, along with the Fresnel equations which
relate observable quantities, such as reflectivity or transmissivity, to intrinsic material prop-
erties like the dielectric function. When the incident electromagnetic field is strong it can
create permanent structural changes in a solid. With the advent of femtosecond lasers new
mechanisms for melting were discovered. Thermal and non-thermal melting are customar-
ily initiated in the laboratory in order to help the understanding of the response of matter
under extreme conditions. In chapter 5 we will present our results on the solid-to-liquid

phase transition of aluminum and discuss whether it is a thermal or a non-thermal process.
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Experimental Setup and Technique

Time-resolved measurements are of fundamental importance in the study of ma-
terial properties. Intense laser pulses serve as a first step in order to excite an electron-hole
plasma inside the material. In the strong excitation regime a big electronic population is ex-
cited and the material is prepared in an exotic state. The pathway of the material evolution
after such an excitation reveals much information about the mechanisms involved in phase
transitions. The response of a material during the first picosecond after photoexcitation
is extremely critical in defining the evolution of the material state. Therefore, dynamical
studies with femtosecond time resolution are needed for elucidating the relevant processes.
Although pulsed x-ray and electron sources advance rapidly towards the few-femtosecond
regime, optical pulses remain the shortest probes we have for time-resolved experiments.
In this chapter we will discuss the optical methods by which we acquire time-resolved mea-
surements and we will elaborate on our expansion of a previous experimental technique. As
an illustration of our technique we will present results obtained in our laboratory and we

will close with a discussion of the limitations of our setup.

42
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3.1 The pump-probe technique

3.1.1 Introduction to pump-probe methods

There is a myriad of processes that take place in ultrafast time scales in materials.
As a matter of fact, the response of a material during the first picosecond after the arrival of a
femtosecond laser pulse is the most important in determining the outcome of the interaction
of the medium with light. In chapter 2 we discussed laser-induced non-thermal melting,
a process with a subpicosecond time scale, as well as thermal melting, a process taking
tens of picoseconds to be completed. These are only two examples out of a wide variety
of physical processes that result from the interaction of short pulses of light with matter.
Upon the arrival of a femtosecond pulse on the surface of a material, carrier excitation and
the creation of an electron-hole plasma takes place within tens of femtoseconds [9]. The
excited carriers will then thermalize with the lattice within piscoseconds [47] . When the
intensity of the incident laser pulse is high enough, melting and ablation will occur within
nanoseconds [11] and the material will resolidify within microseconds [48].

The challenge lies in the detection of such fast processes. Electronics are not fast
enough to offer any time-resolved information. The field of ultrafast spectroscopy needs
another tool for the study of laser-induced dynamics [49-51]. One solution is provided
by the pump-probe method, which uses ultrashort laser pulses not only for creating the
processes under study but also for detecting them. A schematic of the pump-probe method
is shown in Figure 3.1. A laser pulse, called the pump, irradiates the surface of the sample
under study and initiates a sequence of physical processes. A second pulse, much weaker in
intensity, called the probe, arrives some time after and upon reflection it is collected by a
detector. By varying the time delay between the pump and the probe, A7, we can measure

how the reflectivity of the material evolves in steps of A7 after the photoexcitation created
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by the pump. From such data we can obtain information about the temporal and spatial
evolution of the excited carrier distribution arising from scattering processes or transport

from the region of excitation.

Detector

Sample

Probe ‘/
/

Figure 3.1: Schematic representation of pump-probe setup.

The time resolution of the method is limited by two factors: the size of A7 and
the duration of the probe pulse. We vary the time delay, A7, by mounting the optics that
guide either the probe or the pump beam on a translation stage, as shown in Figure 3.2.
By varying the beam path we vary the arrival time of the pulse on the sample. We have
translation stages that can move with the precision of Al = 100 nm, which corresponds to
a time step of AT = 27& = 0.6 fs. The factor of 2 arises from the fact that light travels back
and forth the translation stage, as shown in Figure 3.2, and c is the speed of light. The
time resolution of a pump-probe setup is rarely 0.6 fs and the reason is that the duration
of the probe pulse is usually bigger than that. If we consider a 20-fs long probe pulse then
we know that these 20 fs will appear as one instant in our measurements because the probe
signal will be integrated in the detector. Therefore the 0.6 fs time difference provided by

the translation stage will be lost in the 20-fs long integration of the probe and the detector
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will not distinguish the delay steps. The result is that the time resolution of pump-probe

experiments is most often limited by the duration of the probe pulse.

Sample

A—

Delay Stage

Figure 3.2: Schematic representation of a delay line.

The probe is usually much weaker than the pump in order to minimize the pho-
toexcitation it creates. Ideally we would like a probe that does not add any excitation to
the material under study but it is impossible to measure a system without perturbing it.
To minimize our perturbation, we use probe pulses that are more than 1000 times weaker
in intensity than the pump pulses and therefore the effects created by them are negligible
compared with the effects created by the pump. Furthermore, in order to ensure probing of
a uniformly excited sample area, we keep the probe spot size on the sample surface much
smaller than the pump spot size. Finally, to avoid scattered pump light entering the detec-
tion area, we keep the pump and the probe beams cross polarized, and with the aid of a
polarizer mounted in front of the detector we select only the polarization of the probe.

Many different pump-probe techniques exist to study a material’s response to an
incident laser pulse. The pump-probe setup shown in Figure 3.1 corresponds to the particu-

lar case of a reflection setup [52,53]. Other optical measurements, such as transmissivity [54]
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and second-harmonic generation [10], can be employed in a pump-probe setup in order to
investigate the material’s transient dielectric response to optical excitation. The choice of
technique depends on the material and the question under study. For liquid samples with
weak reflectivity transmission pump-probe is the best tool for ultrafast spectroscopy, while
for opaque solid samples reflectivity is a more suitable probe. For crystalline materials sec-
ond harmonic generation is a useful probe because the ability of a material to generate the
second harmonic depends on the centrosymmetry of the lattice [55,56]. For melting and
ablation experiments, femtosecond microscopy, a variation of the reflection method, is often
used [11,21,48,57]. In femtosecond microscopy the probe images the pumped area of the
sample with femtosecond time-resolution. In contrast to a typical pump-probe reflection
setup, the spot size of the probe is bigger than the spot size of the pump in order to be
able to capture the entire photoexited area. Regardless of the choice of technique, in all
pump-probe experiments the idea is the same: the pump pulse arrives first and the probe
follows with a varying time delay which allow us to track the evolution of the material
properties with temporal resolution that depends on the probe pulse duration.

So far we have discussed optical pump-probe settings only, where both the pump
and the probe pulses are laser pulses. Historically, this type of experiment was the first
one to appear because the optical pulses were the only available pulses with femtosecond
time duration, thus allowing for subpicosecond time resolution. Recently, however, notable
progress was made in the generation of pulsed, subpicosecond x-ray [29, 37,39, 45] and
electron sources [58]. X-ray pulses of femtosecond time duration can serve as a probe by
letting them diffract through the photoexcited material —often the pump is still an optical
pulse— and collect the time-resolved diffraction spectra. Similarly, one can let an electron
pulse of femtosecond duration to be diffracted though the material and collect the diffracted

electron pattern. In both cases we obtain time-resolved information on the position of the
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atoms in the lattice since both x-rays and electrons interact with the atoms only. This type
of measurement provides us with a microscopic view of the material under study. Optical
measurements cannot provide such a microscopic view but have the advantage that they
give a complete picture of both structural and electron dynamics, while the latter cannot
be detected with an x-ray or electron diffraction experiment. Subpicosecond x-ray sources
preceded electron subpicosecond sources because the latter face implications arising from
space-charge effects that broaden the pulse [59]. However, there are significant advantages
in utilizing a subpicosecond electron source because the scattering cross-section of electrons
is 105 — 10° times bigger than the scattering cross section of x-rays.

In the following section we will describe the experimental setup of the technique we
employ in order to perform ultrafast spectroscopy of highly excited materials. Our technique
is a reflective pump-probe technique with a twist: the probe is not a single-wavelength laser
pulse, as is usually the case with optical pump-probe experiments, but a white-light beam

containing a continuum of frequencies across the visible and the UV.

3.1.2 White-light pump-probe setup

Over the past 10 years, our laboratory has made great advances in studying elec-
tron and lattice dynamics in highly photoexcited semiconductors [44]. We developed a
unique time-resolved, broadband dual angle reflectometry technique [60], which allows us
to probe the dielectric function of a solid with femtosecond time resolution. Our setup has a
time resolution of 20 fs and a broadband frequency range extending from the near infrared
to the near ultraviolet. Because our laser system is amplified, we are able to excite the
materials under investigation to well above the damage threshold. This allows us to create
exotic states of matter that contain excited electronic populations up to 3 or 4 orders of

magnitude larger than previous weak excitation studies. In contrast to traditional single-
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wavelength reflectivity and second-harmonic data, broadband dielectric data provide direct
information on the response of an intrinsic optical property of the material. Recently, using
our broadband technique, we directly observed an ultrafast semiconductor-to-metal phase
transition [36] and demonstrated all-optical control of the lattice configuration of a highly
excited semiconductor via optical phonon excitation [61].

Figure 3.3 shows our experimental setup. We use a commercially available Ti:sapphire
oscillator to seed a home-built, 1-kHz repetition rate, Ti:sapphire multipass amplifier which
produces 40-fs, 0.5-mJ pulses at 800 nm. The design of the amplifier follows that of Backus
et al. [62]. The multipass amplifier allows seven passes of the oscillator pulse through the
amplifying Ti:sapphire crystal before the beam exits the amplifier. A mask placed in the
amplifier path inhibits the propagation of amplified spontaneous emission (ASE). At the
output of the laser system we typically measure ASE to be 10% of the total output power.

In Figure 3.3 we see that the output of the laser system is split by a beamsplitter
in two parts: one becomes the pump beam and maintains 90% of the laser output power
while the other 10% becomes the probe beam, or more accurately, the seed for the white
light which we will use as the probe beam. The pump beam passes through a waveplate-
polarizer combination which, by rotating the waveplate, allows for the modulation of the
intensity of the beam according to the needs of the experiment. Moreover, the polarizer
ensures that the pump beam is s-polarized, perpendicular to the p-polarized probe beam.
Next, the pump beam goes through a delay stage allowing for a variable time delay with
respect to the probe beam in order to achieve time-resolved measurements. In section 3.1.1
we mentioned that the variable time delay can be provided by either the pump or the probe
beam. In our experiment, we send the pump beam through the delay stage because the
alignment of the pump is less critical than the alignment of the probe. In the actual setup

we can further split the pump beam into two pump beams in order to allow for double-
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Figure 3.3: Schematic representation of white-light pump—probe setup. BS = polarizing
beam splitter; M = flat mirror; PM = parabolic mirror; FM = flipper mirror; L = lens; P
= polarizer; A\/2 = half-wave plate; PCF = photonic crystal fiber.

pump experiments, most suitable for optical control studies [61]. In the double-pump setup
we send each of the split pump beams through a delay stage in order to allow for variable
time delays between the pump beams and the probe. Our delay stages are motorized,
long-travel, computer-controlled translation stages with 100 nm step resolution, which, as
we discussed in section 3.1.1, yields time delays significantly below the probe-width limited
time resolution. Therefore the delay stages are not a limitation on the specifications of our
setup. After exiting the delay stage, the pump beam passes through a slowly focusing lens,
focal length 20 cm, and on to the sample surface. In most cases we position the sample
before the focal spot of the lens so that the pump beam has a considerably larger diameter

than the tightly-focused probe beam at the sample surface. Depending on the nature of
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the experiment we want to perform, we can vary the distance between the sample and the
pump focusing lens in order to allow for more or less focused pump light, resulting in higher
or lower pump intensity at the sample surface.

The sample is positioned on a mounting system, which allows for translation in all
x,y, and z directions, as well as rotation. The translation, which is computer controlled,
gives us the opportunity to perform above damage threshold experiments where the sample
needs to be translated between each laser shot as the changes induced by the previous laser
pulses are permanent. Indeed the results presented in this thesis were taken under single-
shot conditions, meaning that the sample was irradiated each time by a single pump and a
single probe pulse and then it was translated in order for the next pulses to irradiate a fresh
surface area. The rotation stage allows us to change the angle of the sample and therefore
to vary the angle of incidence for the experiment. As we will discuss below, the sensitivity
of our measurements depends on the choice of the angle of incidence.

The beam path of the pump stops at the sample surface. After the pump light is
absorbed by the material it is of no further use to the experiment and the reflected part of
the pump must be blocked so it does not interfere with the rest of the setup. The probe,
on the other hand, is guided on the sample and its reflection is collected and measured by
a spectrometer. As we see in Figure 3.3 the 10% of the laser output, which serves as the
probe, has two options depending on the orientation of a flipper mirror: it will serve as a
white light seed for either a CaFy crystal or for a photonic crystal fiber (PCF). In both cases
the output is a white-light pulse but it spans different wavelengths. Given an 800 nm seed
the CaFy crystal generates white light in the visible and the UV while the PCF generates
light in the visible and the infrared. Depending on the application we can choose either one
of the two white-light sources. We will elaborate on the white-light generation mechanisms

later. In both cases the diverging white-light beam is recollimated by a parabolic mirror
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and guided towards the sample where it is focused tightly by another parabolic mirror. We
make sure that the spot size of the probe beam is at least four times smaller than the spot
size of the pump beam.

A small part of the incident probe beam is reflected by a 1-mm thick piece of
sapphire mounted before the sample and becomes the reference beam, shown in Figure 3.3.
The part of the white-light beam that we let reflect off the sample is called the reflected
beam. Both the reflected and the reference beams are directed in a CCD spectrometer
which uses a prism to spatially separate the different colors and measure their relative
intensities. This way we can measure the reflectivity of each color contained in the white
light and present broadband data. The white light which is generated by the CaFs crystal is
detected by a silicon based CCD spectrometer. However, silicon detectors are not sensitive
in the infrared because infrared photons do not have enough energy to bridge the silicon
band gap and excite electrons from the valence to the conduction band. The result is
that silicon does not react to infrared light and it cannot be used as an IR detector. The
exception is microstructured silicon devices which, due to sulfur doping, are sensitive both
to the visible and to the IR [63-65]. Therefore, for the white light generated by the PCF
an InGaAs detector array is used, which is sensitive to the infrared. Both the reflected
and reference beams are measured and the ratio of the reflected by the reference becomes
our data set. The reason for this extra step is the large fluctuations in the white-light
intensity. As we will discuss later, white light generation is the result of a superposition of
nonlinear processes. Nonlinear processes depend critically on the intensity of the seed pulse
and therefore small intensity fluctuations in the output power of the laser translate into
large intensity fluctuations, as large as 10%, in the white light intensity. We account for
white-light fluctuations by splitting each white light pulse into a reflected and a reference

pulse and normalizing the reflected part to the reference. Without this crucial step we
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would mistakenly interpret the reflectivity changes of the material under study.

We only use reflective optics in order to direct the white-light beams. For example,
for recollimating or focusing the beams we prefer to use parabolic mirrors rather than
lenses. The reason is that we want to avoid dispersive stretching of the white-light pulses.
Dispersive stretching occurs in all light pulses every time they travel through a medium,
including air, because the index of refraction of any material is a function of frequency
(c.f Eq. 2.34). Therefore, each of the frequencies contained in a laser pulse travels at
a different speed through a medium and the pulse stretches in time. The situation is of
course more dramatic for a white-light pulse due to the wide range of frequencies contained
in it. In order to prevent dispersive stretching we avoid transmissive optics in the path of
the white-light beams and we use reflective optics which do not stretch the pulses. In order
to ensure the highest time resolution in our experiments, we need the white-light pulse to
be the shortest at the sample surface. This is the important point where the pulse gathers
information about the material’s response and we want this information to be divided in
the shortest time window possible. The duration of the white-light pulse when it arrives at
the detector is of no importance, since the pulse will be integrated anyway. The integrated
value corresponds not to one instant in time, but to a time interval, which is equal to
the duration of the probe at the sample surface. Therefore, after the pulse reflects off the
material surface we can use transmissive optics without affecting the time resolution of our
experiment. Indeed, the reflected part of the white light is recollimated by an achromatic
lens and later it passes through a polarizer which ensures that only p-polarized light will
arrive at the detector. This way scattered pump light, which is of s-polarization, does not
make it in the detector.

Our experimental setup is a more complicated version of a traditional reflection

pump-probe setup. The additional feature obtained with our setup is the ability to perform
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broadband measurements because we use white light as a probe and not a single-color pulse.
Therefore, the generation of white light is of vital importance for our technique. In the next

sections we will discuss in more detail the mechanisms involved in white light generation.

3.1.3 White light generated by CaF,

CakFs is a transparent solid material with a large bandgap of 10.2 eV. White light
is generated by focusing an 800-nm pulse into a 3-mm thick piece of CaFs. A number of
nonlinear optical processes, including self-focusing, self-phase modulation, self steepening,
avalanche ionization, and multiphoton ionization contribute to the generation of this white-
light continuum [66,67]. We will discuss self focusing and self phase modulation in more
detail because they are very important for the generation of white light and they illustrate
how nonlinear effects can affect a laser pulse both spatially and temporally.

In chapter 2, where we discussed the interaction of light with matter, we examined
only linear effects, i.e. effects that depend linearly on the incident electric field E. The
point where our discussion became linear was when writing Eq. 2.11, where we assumed
that the polarization P induced in a medium by the presence of an electric field E depends

linearly on the field,

P = ¢yx.E. (3.1)

This is not always the case, however, because for very strong fields nonlinear terms
appear and a more complete description needs to take these nonlinear terms into account,

writing

P=cX"E+ex? :E-E+ex® E-E-E+---. (3.2)
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What we defined in chapter 2 as electric susceptibility of the medium, x., is actu-
ally the linear susceptibility, x(!). The polarization depends on higher orders of the electric
field and each one of them contributes to the final signal according to the value of the
corresponding nonlinear susceptibility, X(Q), X(3)7 etc. In most materials the higher order
susceptibilities are small compared to the linear susceptibility and nonlinear effects become
important only at very high field intensities. In the case of femtosecond laser pulses the
intensities are indeed very high due to the short duration of the pulses.

For centrosymmetric materials even-order susceptibilities, that is y@), x4 etc.,
vanish and only odd-order susceptibilities remain [55,56]. In this case, the dominant terms

in Eq. 3.2 become

P=cYVE+¢x® E-E-E. (3.3)

Equation 3.3 can be rewritten as [55]

P =« (x(” + 3X<3>|E|2) E. (3.4)

Combining Eqgs. 2.5, 3.4, and 2.7 we obtain

cerr =1+ x +3xP|EP, (3.5)

where the linear part of the dielectric function is still given by Eq. 2.12, € = 1 + x(). The

index of refraction is now redefined with the aid of Eq. 2.34 as
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nerr = \/1+x® + 3O BJ2 (3.6)
= 1\/e+ 3X(3) ‘E‘Z (37)
@)
= 1+ 3XT|E|2 (3.8)
3x® o
~ n+ S —|EP, (3.9)

for small @]EP Given that the intensity of the electric field is proportional to the square

amplitude of the field, I ~ |E|?, the effective index of refraction can be written as [68]

Neff =N+ nal. (3.10)

Equation 3.10 describes the most important implication of nonlinear effects: the
index of refraction depends not only on the frequency but also on the intensity of the incident
field. We note here that this is the result of keeping only the x(3) term in the polarization
expansion, given by Eq. 3.2. The effects of self focusing and self phase modulation are both
consequences of the intensity dependent index of refraction.

We can understand self-focusing if we consider that for most laser systems the
output beam intensity has a Gaussian dependence on space when looking at the beam cross
section. For example, if the beam propagates along the z direction, the envelope of the
intensity profile of the beam along each of the x and y directions looks like Figure 3.4.

The intensity of the beam is higher near the center and decays fast as we move
towards the wings. From Eq. 3.10 we know that the index of refraction is higher when the
intensity of the beam is higher. This is the case for positive no, which is actually true for
most materials. Therefore the center of the beam experiences a higher index of refraction
than the wings, as it propagates through a medium. This is equivalent to propagating the

beam through a lens, where the middle part of the lens is thicker, and therefore the central
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Figure 3.4: Gaussian function.

part of the beam travels through more material thus experiencing the effect of the index of
refraction more than the wings do. The result therefore is the same: when an intense beam
propagates through a medium the central part experiences higher index of refraction and
the beam focuses, in the same way that a beam focuses when it passes through a lens. The
effect is called self-focusing because it is the intensity profile of the beam itself that initiates
it.

Self-phase modulation is the analogous temporal event of self-focusing. This time
the relevant feature of the beam is that, apart from having a Gaussian intensity envelope
as a function of cross section coordinates, it also has a Gaussian intensity envelope in time.
Figure 3.4 applies again with the horizontal axis being the time axis. The middle part of
the beam —temporally speaking— experiences a larger intensity-dependent index of refraction
than the leading and trailing edges of the pulse. Therefore the middle part becomes delayed
with respect to the edges and it runs away from the leading edge, while at the same time
it moves closer to the trailing edge, as shown in Figure 3.5. This effect generates red

frequencies at the leading edge of the pulse and blue frequencies at the trailing edge of the
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pulse.
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Figure 3.5: The effect of self-phase modulation on the spectral content of a pulse.

Self-phase modulation is one mechanism that generates new frequencies from a
given pulse, which is necessary for white light generation. However, it is not the only mech-
anism responsible for the generation of new frequencies. The other mechanisms mentioned
above contribute new frequencies as well. Self-focusing increases the intensity in the middle
part of the pulse thus enhancing the effect of the other nonlinear processes, which all depend
on the intensity of the beam.

The white-light spectrum we obtain from CakFs is shown in Figure 3.6. The narrow
peak is the spectrum of the 800-nm (1.55 eV) pulse we use as seed for the white light
generation. The white-light spectrum is shown by the bold line. We observe that most of
the broadening is happening towards the blue frequencies. The spectrum we show in Figure
3.6 is white light filtered by a BG-40 filter which absorbs photons with energies lower than
1.55 eV. This is why the white light does not seem to have a strong component at the 1.55
eV energy of the seed pulse. In fact, most of the energy of the seed pulse remains around
1.55 eV, thus filtered by the BG-40, and only a small part of the seed energy is converted

to higher frequencies, which are then used to irradiate the sample.
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Figure 3.6: Spectrum of white light generated by a CaFy crystal (bold line). The spectrum
is recorded after the white light has been filtered by a BG-40 optical filter. The narrow
peak at 1.55 eV is the spectrum of the seed pulse.

White light can be generated by other materials such as water, fused silica, or LiF
to name a few [69]. In all cases the seed pulse energy needs to be on the order of pJ, so the
effect can only be observed with amplified laser systems. We prefer to use CaFs because it
gives the broader spectrum while being easy to use. LiF is the only material that produces
broader spectrum than CaFy but it is hydroscopic and difficult to handle.

Although we do not send white-light pulses through transmissive optics in order to
avoid dispersive stretching (chirp), the pulses are already stretched when they exit the CaFq
crystal due to the frequency generation mechanisms and due to the propagation through the
3-mm CaF'y crystal and through air. Figure 3.7 shows the chirp of our white light measured
on a Te sample [61]. We observe that across 1.7-3.5 eV the duration of a white-light pulse is
800 fs. As shown in Figure 3.7 this means that different colors contained in the white-light
pulse arrive at the sample surface at different times. In order to correct for this chirp we
time shift the final reflectivity data accordingly.

CaFs is a reliable white-light source, suitable for ultrafast spectroscopic experi-
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Figure 3.7: Chirp of white light generated by a 3-mm thick CaFy crystal, measured on a
Te sample [61].

ments. The spectrum of the generated white light pulses is not greatly affected by laser
intensity fluctuations, but the white-light intensity is affected. This limits the sensitivity
of our experimental setup to the detection of reflectivity changes down to 2-3%. This is
adequate for the study of structural phase transitions where the change in the reflectivity
signal is around 10%. For studies where the change in the reflectivity is less, other detection

schemes need to be used.

3.1.4 'White light generated by a photonic crystal fiber

For experiments where it is important to measure reflectivity changes in the in-
frared it is not suitable to use CaF3 seeded by an 800-nm pulse. As we observe in Figure 3.6,
CaFy creates only blue broadening in the spectrum of the seed pulse. Therefore if we need
to generate frequencies in the infrared we have two solutions. One is to downconvert the
frequency of the seed pulse using an optical parametric amplifier and generate a seed pulse
with higher wavelength. Then we will obtain infrared and visible frequency components by

blue broadening. The other, slightly less involved solution, is to seed a photonic crystal
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fiber with the 800-nm light generated by our laser system.

Photonic crystal fibers, or microstructured fibers, use a microstructured cladding
region with air holes to guide light in a pure silica core. Figure 3.8 shows SEM pictures of
the cross section of the photonic crystal fiber we use in our setup. This fiber has a core of
1.8 pm diameter surrounded by a cladding region of 120 um diameter. The entire structure

is protected by an acrylate coating with a diameter of 240 pm.

Figure 3.8: SEM pictures of the cross section of a photonic crystal fiber used for supercon-
tinuum generation.

Unlike photonic crystal fibers, standard optical fibers [5] are made of a homogenous
dielectric core surrounded by a homogenous dielectric cladding producing a step variation
in the index of refraction. Guiding of light in optical fibers is a result of total internal
reflection when the index of refraction of the core is higher than the index of refraction
of the cladding. Standard optical fibers already find numerous applications ranging from
telecommunications to medical diagnostics. Photonic crystal fibers, on the other hand, guide
light through photonic band gap effects [70]. The photonic band gap, meaning a range of
photon energies which cannot propagate in any direction in the medium, arises from the
periodically varying index of refraction in a photonic crystal fiber much in the same way
that the electronic band gap arises from the lattice periodicity in a semiconductor. A

photonic crystal fiber with an extremely small glass core, like the one shown in Figure 3.8,
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enhances nonlinearities dramatically by tight light confinement and is suitable for white
light generation [5]. In applications where nonlinearities are not welcome the core can
instead be made of air.

The idea of photonic crystals, meaning periodic arrangements of dielectrics, emerged
in 1987 in order to address strong light localization and inhibition of spontaneous emission.
Later, it was shown that in photonic crystals the propagation of light can be totally sup-
pressed at certain wavelengths for all propagation directions and polarizations, opening a
photonic band gap [70]. For the frequencies contained in the band gap, the light density
of states vanishes, so even spontaneous emission of light is inhibited. An example of a
one-dimensional photonic crystal is the Bragg mirror, also known as multilayer reflector.
Multilayer reflectors consist of a periodic stack of alternating dielectric layers and are cus-
tomarily used as low-loss high reflectors in optical applications. They maintain the feature
of high reflectivity only for certain frequencies around the operating frequency because the
thickness of the layers has to be a specific fraction of the light wavelength for the reflec-
tor to work. Two-dimensional photonic crystals can be constructed by etching holes in a
slab waveguide and are used in integrated photonic circuits. Three-dimensional photonic
crystals were first constructed by drilling an array of holes at three different angles into a
dielectric material.

The concept of guiding light in a photonic crystal fiber is based on introducing a
defect which creates states inside the bandgap [71,72]. If the defect is a single point the
light emitted by it will remain confined around the defect since it cannot propagate due to
the existence of the band gap. If the defect is a line then light will remain confined around
the defect but will be able to propagate along it. This is the case in our photonic crystal
fiber shown in Figure 3.8, where the silica core serves as a defect that guides light inside

the photonic crystal created by the cladding. In conventional fibers, propagation can only
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occur if the core is of higher index of refraction than the cladding. In photonic crystal
fibers, however, the defect can confine and guide light in a low refractive index medium.
Thus, these fibers can guide light in a gas, air, or even vacuum. Guiding light in vacuum
offers orders of magnitude reduction in losses and nonlinear effects, allowing for high power
applications. Moreover, guidance of atoms, molecules or cells through hollow core optical
fibers could be possible.

In our setup we use a photonic crystal fiber for white light generation where non-
linearities play an important role [73]. For this reason we use a silica core fiber with a
small core diameter which enhances nonlinear effects. Due to the long propagation length
over which the light is tightly confined, the input energy required for white light gener-
ation is much smaller in photonic crystal fibers than in CaFs. As we mentioned above,
in order to generate white light in CakFy, water, or fused silica we need amplified pulses
with energies on the order of uJ. One big advantage of using photonic crystal fibers is
that they can generate white light using an input energy on the order of nJ and therefore
non-amplified oscillator-only laser systems are sufficient for white light generation [74]. The
mechanism by which infrared broadening is achieved in white light generation in photonic
crystal fibers is based on soliton launching [75]. The input pulse breaks up into solitonic
pulses inside the fiber. Solitons are wave packets that propagate inside the fiber unaffected,
due to a balance between anomalous dispersion and self-phase modulation [5]. This gives
the solitons the opportunity to interact repeatedly with the material and through multiple
Raman self-frequency shift events, which continuously transfer energy from shorter to longer
wavelengths, infrared frequencies are generated in the resulting spectrum. Frequencies are
also generated on the blue side of the seed pulse due to transfer of energy in the normal
dispersion regime via the generation of non-solitonic dispersive wave-radiation [76].

Figure 3.9 shows the spectrum of the white light we take out of the photonic crystal



Chapter 3: Experimental Setup and Technique 63

fiber shown in Figure 3.8. This spectrum is obtained by focusing the 800-nm probe seed
in the 130-cm long photonic crystal fiber using a 40x microscope objective lens. Alignment
of light into the fiber is very critical. For this reason we use an ultra-high precision 3D
translation stage on which we mount the front end of the fiber. The front end of the fiber
needs to be cleaned thoroughly and cleaved properly in order to couple light efficiently into
the fiber. We attenuate the input power of the seed pulse as much as possible. Given that
this pulse carries pJ of energy it is possible that it can damage the fiber. By attenuating the
pulse we end up with ~ 400 nJ of energy which are enough for white light generation but not
enough to damage the fiber. This spectrum is recorded with a monochromator followed by
an InGaAs amplified photodiode, which is sensitive to the infrared. We note that the white
light produced by the photonic crystal fiber exhibits severe infrared broadening, reaching

up to 1400 nm in wavelength.
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Figure 3.9: Infrared part of white-light spectrum generated by a 130-cm photonic crystal
fiber.

In Figure 3.9 only the infrared part of the white light is shown because the spec-
trum is recorded with an InGaAs photodiode, which is not sensitive to the visible light

regime. Figure 3.10 shows the spectrum recorded with a Si amplified photodiode following
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a monochromator. We observe that there is also significant blue broadening in the spectrum
of the seed pulse, extending down to 400 nm. Therefore the total spectrum of the white

light generated by the photonic crystal fiber extends from 400 to 1400 nm!
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Figure 3.10: Visible part of white-light spectrum generated by a 130-cm photonic crystal
fiber.

The spectra in Figures 3.9 and 3.10 are produced by a fiber 130 cm long. The
length of the fiber affects the frequency range of the white light. If the fiber is too short,
spectral peaks will be generated at frequencies different than the seed frequency. As the
fiber becomes longer and longer the peaks broaden and form a supercontinuum. However
we do not want the fiber to be longer than necessary, because the longer it is, the more
dispersion the white light experiences as it travels inside the fiber and the more chirped the
pulse becomes. We measured the spectra of white light generated through the 130-cm long
fiber and a 90-cm long fiber, identical in every other aspect with each other. The result is
shown in Figure 3.11. We observe that the two spectra look almost identical and the 90-cm
spectrum looks more intense although this is probably a result of applying a more intense
seed or positioning the detector better. Therefore, in our case it would be best to use the

90 cm fiber. Of course it would be best to find the minimum length required to produce the
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white light we need but there is no non-destructive way to determine the optimum length.
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Figure 3.11: White-light spectra generated by a 130-cm (solid line) and a 90-cm (dashed
line) photonic crystal fiber.

Another feature to investigate is the dependence of the white light spectrum on
the duration of the seed pulse. Because white light generation is a nonlinear process it is
expected to depend critically on the intensity of the electric field. By changing the duration
of the seed pulse we change the intensity and therefore we expect to reach the threshold
for white light generation. We are able to vary the duration of the seed pulse by using
the compressor in our laser system. Our laser system has a grating compressor which
follows the amplifier [77]. The reason for this compressor is that we stretch the oscillator
pulse before we send it in the multipass amplifier in order to avoid very high intensities
during the amplification stage that could damage the Ti:sapphire crystal and the optics of
the amplifier. This technique is called chirped pulse amplification [78,79] and it is very
common in amplified laser systems. Therefore after the beam has been amplified in energy
and it exits the amplifier cavity it goes through a grating compressor that compresses it as
much as possible before letting it exit the laser system. By varying the distance between the

gratings in the grating compressor we can vary the chirp of the output pulse and therefore
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increase or decrease its duration in time. The result of this investigation is shown in Figure
3.12. In this Figure we show white light spectra generated in the same photonic crystal
fiber with a seed pulse of 68 fs (solid line) and 926 fs (dashed line). The output spectrum
seems insensitive to the duration of the seed pulse, at least in the subpicosecond regime.
This finding indicates that for subpicosecond pulses we are still well above the threshold for

white light generation.
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Figure 3.12: White-light spectra obtained by the same photonic crystal fiber using seed
pulses of 68 fs (solid line) and 926 fs (dashed line) durations.

The two sources of white light that we use in our setup are suitable for spectroscopic
measurements in multi-shot experiments. In such experiments, where the process under
study is reversible, the material relaxes back to the equilibrium state between two pump
pulses, which arrive on the medium surface every 1 ms. Therefore, there is no need to
translate the sample between different shots and we can repeat the same measurement for
many different shots and average, thus reducing the experimental noise. In this case both
the photonic crystal fiber and the CaF9 produce white light which is steady enough to serve
as a probe. When the process under study is irreversible, however, the sample must be

translated between different shots and we are obliged to take single-shot data or, due to
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sample surface limitation, to average over a very small number of shots. In the single shot
configuration the photonic crystal fiber proves to be quite unstable and the shot-to-shot
fluctuations reach 10% of the signal level, which prohibits the observation of the material
dynamics. Therefore, for single-shot measurements, CaF5 is the only acceptable white light
source we have. The data is this thesis had to be single-shot because the solid-to-liquid
phase transition is an irreversible process. For this reason we used CaFy as a white light

source.

3.2 Dual-angle reflectometry method

3.2.1 Measuring absolute reflectivity

As we already mentioned our setup is a reflectivity pump-probe setup. Therefore
it is important to be able to measure absolute reflectivities. Many reflectivity experiments
measure normalized reflectivity, meaning they only report relative changes of the reflectivity
of the material after photoexcitation, with respect to the unexcited reflectivity, which they
arbitrarily take as 1. We prefer to measure the absolute reflectivity, for example rather
than assuming that the unexcited p-reflectivity of aluminum at 800 nm and for an angle
of incidence of 68° is 1, to actually measure that it is 0.71 (or 71%). Measuring absolute
reflectivity renders our experimental findings comparable to other studies and practical
applications and it also allows us to convert reflectivity to dielectric function, as we will
show below.

The conceptually simplest way of measuring the absolute reflectivity of a material
is to measure the intensity of the incident beam, then the intensity of the reflected beam and
then divide one by another. However, in experiments that involve pulsed sources of light

this is impossible. If we measure the intensity of the incident pulse we block it, so we will
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never be able to measure the intensity of the same pulse after reflection. One way around
this is to measure different incident and reflected pulses but given that our white light probe
suffers from pulse-to-pulse intensity fluctuations our measurement would be affected and
the result would be wrong. Therefore we developed a technique which uses the reference
beam.

As we mentioned in section 3.1.2, before the white light probe reaches the sample
we split it into the reference beam, which goes around the sample, and the reflected beam,
which we let reflect off the sample. This way we obtain two copies of the same pulse,
since the splitting occurs for each pulse contained in the white light. If we denote by
Iinc(w) the intensity of the incident white-light pulse, before we split it to a reference
and a reflected pulse, and by I,cfer(w) and I.cp(w) the intensities of the reference and
the reflected pulses, respectively, then we can write I ¢ fer(w) = a(w)line(w) and Lep(w) =
b(w)Iine(w). The incident pulse is split by a sapphire crystal so a(w) and b(w) are essentially
the reflectivity and transmissivity of the sapphire crystal, respectively. The reference pulse
goes through a set of mirrors and lenses before it reaches the spectrometer, therefore its
intensity is modified by the reflectivity and transmissivity of all these optics. The result
of this modification can be cast into a multiplicative factor g(w). Therefore the intensity
(or spectrum) of the reference pulse that we measure with the spectrometer is Syefer(w) =
a(w)g(w)line(w). The reflected pulse has to go through a set of optics and acquires a
multiplicative factor hj(w), then it reflects off the sample and its intensity is further modified
by the (absolute) reflectivity of the sample, R(w), and finally it goes through another
set of optics, before reaching the detector, acquiring another multiplicative factor ho(w).
Therefore, the intensity, or spectrum, of the reflected pulse as measured by the detector is
Srefi(w) = b(w)hi(w)he(w)Iinc(w). By taking the ratio of the reflected and reference spectra

we essentially calculate
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Srefl _ b(w)hi(w)ha(w)
Srefer a(w)g(w)

R(w). (3.11)

The quantity we want to measure is the absolute reflectivity of the sample, R(w).
In order to extract the absolute reflectivity, we need to determine the value of the fraction
that multiplies it in Eq. 3.11, which for simplicity we call correction factor, CF. Therefore
CF = %‘;zzi(“’). The correction factor is independent of the sample under investigation
and depends only on the piece of sapphire and the optics that build the beam paths.

Therefore, if we replace our sample with another sample of known reflectivity, Rj(w), and

for the new sample we measure the spectra Sycf;1 and Syefer1, we can calculate the CF by

Srefl,l 1
Srefer,l Ry (w)

In practice we use more than one calibration samples of known reflectivity to

CF =

(3.12)

calculate the CF in order to minimize the error of the calibration. We align each of the
calibration samples to the original sample using a HeNe alignment beam. Using more than
one calibration samples allows us to calculate not only the CF, but also the angle of incidence
of the probe and the thickness of an oxide layer that is possibly present on the sample under
investigation. The way we calculate the angle is the following: we note that in order to use
Eq. 3.12 correctly we need to know the value of the reflectivity of each calibration sample.
However the reflectivity is a quantity that depends on the angle of incidence. Therefore,
only when we calculate the CF using the correct angle of incidence will all the calibration
samples yield the same result. This way, by using multiple calibration samples and then
trying different values for the angle of incidence we can determine the experimental angle
of incidence as the angle that minimizes the discrepancy between the CFs given by the
different calibration samples. This method allows us to determine the angle of incidence in

our setup with an accuracy of £0.1°. In Figure 3.13 we show the result of using Al, Si, and
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GaAs as calibration materials. Figure 3.13(a) shows that the CFs agree very well when we
assume that the angle of incidence is 58.9°, while Figure 3.13(b) shows that if we assume
an angle of incidence of 58° the CFs agree less well. Therefore we choose 58.9° to be the

angle of incidence of our setup.
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Figure 3.13: Correction factors taken using Al, Si, and GaAs as calibration materials and
assuming an angle of incidence of (a) 58.9° and (b) 58°.

In a similar way we can use the oxide thickness of the sample as a free parameter
and try to find the value that minimizes the discrepancy between CF's determined by a set
of materials, one of which is the material with the oxide. In general we need to use as many
calibration materials as the parameters we want to determine, meaning the CF, the angle,

the oxide layer, etc.

3.2.2 Extracting the dielectric function

Once we calibrate our setup to measure absolute reflectivities, we can use the
reflectivity data to extract dielectric function values. By using the Fresnel equations 2.53
and 2.55 we convert reflectivity to dielectric function. In our case the white light probe
is p-polarized so we only need Eq. 2.53, keeping in mind that what we measure in the
lab is the power reflectivity, R = |rp|2. From Eq. 2.53 it appears that having measured

the reflectivity R(w) and knowing the angle of incidence by matching the CFs, we should
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be able to calculate the dielectric function for each of the frequencies of the white light.
However there is a small complication since the dielectric function is a complex quantity.
For this reason we need two independent sets of measurements. One combination could be
to take one s and one p-polarized reflectivity measurements, however it is more favorable
for error minimization to take two p-reflectivity measurements at two different angles of
incidence [60]. The sample holder, shown in Figure 3.3, is mounted on a rotation stage, so
by rotating the sample we can change the angle of incidence of the experiment.

Performing the experiment twice in order to determine the dielectric function has
fundamental advantages. The dielectric function is a much more intrinsic property of the
material than the reflectivity. Knowing the dielectric function we can calculate all the optical
properties of the material, such as reflectivity, transmissivity, index of refraction, extinction
coefficient, and skin depth, using Eqs. 2.53 — 2.56, 2.38 — 2.39, and 2.44. Moreover,
we can also calculate electrical properties such as the electrical conductivity using Eq.
2.23. Finally, using the Drude and Lorentz models described in chapter 2 and knowing the
shape of the dielectric function we can derive conclusions about the band structure, or the
lattice and electronic configuration of the material. This is particularly useful for phase
transition experiments where we expect to resolve semiconductor-to-metal, or crystalline-
to-amorphous, or solid-to-liquid phase transitions, which are accompanied by big changes
in the band structure and microscopic properties of the medium.

The Fresnel equations cannot be solved analytically in order to convert reflectivity
to dielectric function. We need to invert them using an optimization routine, which returns
the dielectric function values that minimize the error between experimental and calculated
reflectivity. The routine we use is the simplex downhill method [80], which is the only multi-

dimensional optimization routine! that does not make use of derivatives, thus running faster

"We are optimizing for the real and imaginary parts of the dielectric function simultaneously.
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than other routines. The inversion from reflectivity to dielectric function will propagate the
experimental error in measuring the reflectivity to dielectric function error. It proves that
the choice of the angle of incidence and polarization of the white-light probe affects the
error propagation significantly.

In the most general case we can assume that the functional relationship between
dielectric function and reflectivity is R = f(e,0). If the experimental error in measuring
the reflectivity at two different angles of incidence is AR(6;) and AR(f2), then the error in

calculating the dielectric function is

(igEZ;D = @2) ’ (3.13)

where

0f(61)  9f(61)
J— De1 Oez , (3.14)
9f(62)  9f(62)

Oeq Oea

is a Jacobian matrix and €1, ez are the real and imaginary parts of the dielectric func-
tion, respectively. In order to calculate the dielectric function error we need to invert the

Jacobian,

() ()

In order to understand the effect of the angle of incidence and probe polarization
on the inversion error, we can consider Figure 3.14. Figure 3.14(a) shows a grid of dielectric
function values with the dielectric function of four different materials superimposed on it.
Figure 3.14(b) shows the obtained reflectivity values, if we replace each one of the grid
points in Figure 3.14(a) in the Fresnel equations 2.53 and 2.55, assuming a 45° angle of

incidence and s-polarized light (horizontal axis) or a 45° angle of incidence and p-polarized
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light (vertical axis). We observe that many different dielectric function values collapse onto
similar reflectivity values. This would be a poor experimental choice because in trying to
invert the reflectivity values of Figure 3.14(b) we wouldn’t be able to distinguish between
different dielectric function values, and the inversion error would be big. Figure 3.14(c)
shows the same thing as Figure 3.14(b) but this time on the horizontal axis we plot p-
reflectivity calculated at 45° and on the vertical axis we plot p-reflectivity calculated at 60°.
The result is slightly better, meaning that the spread in the reflectivity values is bigger than
in Figure 3.14(b). This indicates that taking two measurements at two different angles of
incidence with p-polarized light produces less error than taking two measurements at the
same angle of incidence but with different polarizations. In an effort to make the reflectivity
spread even better we show in Figure 3.14(d) the calculations for p-reflectivity at 45° and
75°, which correspond to the grid of points of Figure 3.14(a). We observe that as the
second angle increases the spread becomes bigger, thus making it easier to match measured
reflectivity with dielectric function values. Increasing the second angle even more, as in
Figure 3.14(g), the spread becomes even better.

We can calculate the inversion error using Eq. 3.15 and replacing the functional
relation with the Fresnel equations. Figures 3.14(e) and 3.14(f) show the result of this
error calculation assuming that we take two p-reflectivity measurements, one at 45° and
one at 75°, as shown in Figure 3.14(d), with 1% error each. Figure 3.14(e) shows the error
for the real part of the dielectric function for each of the grid points in Figure 3.14(a),
while Figure 3.14(f) shows the corresponding error for the imaginary part of the dielectric
function. We observe that if we were to use these conditions to measure the dielectric
function of any of the four materials shown in the Figure, the error would be less than 10%.
The error becomes smaller for the conditions of Figure 3.14(g), as we expect from the bigger

spread in the reflectivity values. Figures 3.14(h) and 3.14(i) show the error in the real and
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Figure 3.14: (a) The dielectric functions of Si, GaAs, Sb, and Te (from 1.5 to 3.5 eV)
are plotted over a grid of dielectric constant values. In (b), (c), (d), and (g), the Fresnel
formulas are used to calculate reflectivity pairs at the angles and polarizations indicated for
each of the points in (a). In (e) and (f), contour plots represent the uncertainty in extracting
Rele(w)] and Imle(w)], respectively, given a 1% error in measuring the reflectivity for the
parameters indicated in (d). Plots (h) and (i) are analogous to (e) and (f), but are calculated
for the parameters indicated in (g). In all four contour plots, the representative materials
are overlayed as a reference.

imaginary part of the dielectric function given a 1% error in the reflectivity measurements
indicated in Figure 3.14(g). We observe that now the error for any of the four materials
under consideration is less than 5%. As a rule of thumb we mention that the sensitivity
of reflectivity measurements to changes of the dielectric function increases as the angle of
incidence approaches the Brewster angle of the material [81]. We want to note that Figure

3.14 is a correction to a similar figure published in [60]. In particular, parts (e), (f), (h),
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and (i) are corrected in Figure 3.14.

In the following section we present reflectivity and dielectric function measure-
ments we performed on semiconductors, where we monitored the evolution of the reflectivity
or the dielectric function after photoexcitation of the material with an intense laser pulse,

with femtosecond time resolution.

3.3 Dielectric function dynamics

During the past three years, we have investigated ultrafast laser-induced dynamics
and optical control in Te and TipO3 [61,82], using the dual-angle reflectometry technique
described above. Taken as a whole, our extensive body of work in this area reveals the
importance of the electron-hole plasma and lattice dynamics in band gap renormalization

of highly excited semiconductors and allows for the realization of optical control schemes.

3.3.1 Subpicosecond band gap renormalization in Te

The crystal structure of Te allows for optical excitation of coherent phonons in the
bulk. The displacive excitation of coherent phonons (DECP) allows symmetry preserving
phonon modes to be excited coherently when a laser pulse shorter than the phonon period
is incident on the material [83]. Previous investigators observed oscillatory behavior in
the transient reflectivity and attributed this signal to DECP [84,85]. While single-color
reflectivity transients indicate the presence of coherent phonons, our technique for measuring
the time-resolved dielectric function provides a direct view of the material at different lattice
displacements. Figure 3.15, for example, shows the transient behavior of the real part of
€ord(w) of Te for an excitation of 9 J/m?2.

After excitation of coherent phonons, the bulk optical properties oscillate at the

phonon frequency and move toward lower photon energies with increasing displacement of
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Figure 3.15: Temporal evolution of the real part of the ordinary dielectric function of Te
for a pump fluence F = 9 J/m?.

the lattice from its initial position. Theory predicts that lattice displacements along the
symmetry preserving A; phonon mode on the band structure of Te modulate the material’s
indirect band gap [86]. Coupled with theoretical results, which model the phonon-induced
band gap renormalization in terms of the electronic excitation, our data allow the deter-
mination of interband and intraband optical deformation potentials in Te [87]. Interband
and intraband deformation potentials stand respectively for the diagonal and off diago-
nal matrix elements of the relevant optical deformation potentials that describe band gap

renormalization in a first order perturbation theory applied on the Frolich Hamiltonian [87].
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3.3.2 Optical control of coherent lattice vibrations in Te

We demonstrated optical control of large amplitude coherent phonons in tellurium
using a two-pulse excitation scheme [61]. Time-resolved dielectric tensor measurements
reveal both the cancellation of lattice oscillations by the second excitation pulse as well as
a red-shift of the main resonance of the material as a result of the lattice displacement.
Coupled with theoretical band structure calculations, the data provide an estimate of the
size of the lattice displacement as well as the magnitude of the single-pulse-induced lattice
vibration. The data also indicate a departure from the semiclassical mass-and-spring picture
of the lattice dynamics observed under weak excitation [88].

Figure 3.16 shows the changes in the resonance energy of the material obtained
from fits to €,(w) and €,(w) under various single and double pulse excitation conditions. In
all parts, pump pulses 1 and 2 (and 3) indicate their time of arrival and their 35-fs pulse
duration is drawn to scale. In Figure 3.16(a), the variation in the resonance energy in €,(w)
is shown under single and double pulse excitation, the latter with a pulse separation of 133
fs. The data show that this double pulse combination leads to cancellation of the coherent
phonons. The cancellation of oscillations in the €.(w) data is shown in parts (b) and (c)
under different excitation conditions. Figure 3.16(b) shows single pulse oscillations, double
pulse cancellation, and double pulse enhancement of the oscillations. For cancellation, the
time delay between pump pulses is 127 fs, while for maximum enhancement the time delay
is 267 fs. Figure 3.16(c) shows cancellation at the first maximum as well as at the second
maximum, both leading to roughly the same lattice displacement for different excitations.

In contrast to data obtained at low excitation [88], our experiments reveal that
under strong excitation the vibrations do not stop at the maximum displacement. The
127 fs and 133 fs time delays that achieve cancellation as shown in Figure 3.16 do not

coincide with the time to reach the maximum displacement in the single pump case, which
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Figure 3.16: Transient behavior of the main resonance energy. (a) Pump pulses 1 and 2
lead to cancellation of the oscillations at the first peak. By varying the time delay between
the two pump pulses, enhancement (b, 1+3) or cancellation at later peaks (c, 14+3) can be
achieved.

is approximately 220 fs. Similar results occur in bismuth under strong excitation, where a
500 fs delay between pump pulses cancelled the lattice vibrations near the second maximum,
while the second maximum is reached 600 fs after single pulse excitation [89], but the authors
do not comment on the discrepancy. Our dielectric tensor data reveal that the resonance
energy red-shifts beyond the single pump maximum for phonon-canceling excitations, as
shown in Figure 3.16. Thus, in addition to the delay between pulses being different from
their expected values, the nuclei do not stop their coherent oscillations at the classical
turning point, which is also different from the low-excitation strength behavior of other

materials [88]. The fact that the second pump pulse causes the ions to move past the classical
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turning point without resulting in oscillations indicates a departure from the classical model
of the impulsively driven mass-spring system. This is a manifestation of a time-dependent
driving term, i.e., the carrier-lattice coupling through the deformation potential changes
over time. The physical origin of such a phenomenon would likely involve many body effects,
such as a deformation coupling that changes with lattice configuration. A sufficiently large
displacement of the lattice may allow the excited electrons to redistribute in such as way
as to further perturb the lattice equilibrium position. In this way, the lattice essentially
pulls the equilibrium position along until it costs too much energy to displace the lattice
further, at which point the expansion stops and the lattice slowly returns to its unexcited

configuration.

3.3.3 Semiconductor-to-semimetal phase transition in Ti;Oj;

Currently, we are conducting coherent control experiments on TisOs. TinOsg is
similar to Te in that photoexcitation leads to changes in the lattice configuration. The
lattice distortion necessary to achieve a semiconductor-semimetal transition is smaller in
TioOg than in Te. For this reason, we believe that it will be possible to drive TisOg
to its semi-metallic state without permanently damaging the sample, which we cannot
do in the case of Te. Figure 3.17 shows preliminary data on large amplitude reflectivity
oscillations induced in TisO3 through the photoexcitation of its Al- phonon mode through
the DECP mechanism. Because TizO3 has a very narrow band gap, the resonance of its
dielectric function lies in the near-IR. Therefore, the most suitable white-light source for

the completion of this experiment is the photonic crystal fiber.
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Figure 3.17: Large amplitude reflectivity oscillations in TisOs induced by intense

photoexcitation.

3.4 Differences between semiconductors and metals

In the previous section we demonstrated that the technique of dual-angle reflec-
tometry and inversion to dielectric function works successfully in the case of semiconductors
and provides lots of insight about the evolution of the material properties under photoex-
citation. However, in the case of metals, error propagation renders the inversion of the
Fresnel equations invalid. The reason is that in metals a wide range of dielectric function
values collapses onto a very small range of reflectivity values, meaning that the experimen-
tal uncertainty in the measured reflectivity will translate into a large uncertainty in the
dielectric function after the inversion.

The difference between semiconductors and metals lies in the sign of the real part
of the dielectric function. Figure 3.18(a) shows a grid of dielectric function values, where
both the real and the imaginary parts of the dielectric function are taken to be positive. This
is often the case for semiconductors like Si, the dielectric function of which (from 1.7 to 3.5
eV) we superimpose on Figure 3.18(a). When two reflectivity measurements are taken with

p-polarized light at different angles of incidence, the uncertainty in extracting the dielectric
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function can be reduced to reasonable levels of 1-2%, as shown in section 3.2.2. Figure
3.18(b) shows the mapping of the grid of dielectric function values into reflectivity space for
the angles of incidence used in our aluminum experiment, i.e., 58° paired with 68°. As the
second angle is increased, the grid of points in (a) spreads over a larger range of reflectivities
because the pseudo-Brewster angle is approached for many of the dielectric function values.
Figure 3.18(c) shows a grid of dielectric function values where now the real part of the
dielectric function is taken to be negative, as is often the case for metals like aluminum, the
dielectric function of which (from 1.7 to 3.5 eV) we show in Figure 3.18(c). Figure 3.18(d)
shows the mapping of the grid of dielectric function values into reflectivity space for 58°
angle of incidence paired with 68°. We see that for metals the result is quite different than
for semiconductors: the reflectivity remains constant for many different dielectric function
values. Because there would be too much uncertainty in the inversion of reflectivity to
dielectric function, we choose to present our data on the solid-to-liquid phase transition of
aluminum as reflectivity data in order to guarantee the validity of our conclusions.

For dielectric function measurements in metals ellipsometry seems more suitable
than reflectometry [90,91]. In ellipsometry, reflectivity data are taken at a fixed angle of
incidence while the polarization of the incident light varies continuously. By measuring the
change in the ellipticity of the reflected light , which depends on the ratio of the p- to the
s-reflectivity of the material, we are able to determine the optical properties of the material
under study. However, femtosecond time-resolved ellipsometry is far more complicated and

not commonly used as an experimental technique.
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Figure 3.18: (a) The dielectric function of Si (from 1.7 to 3.5 eV) is plotted over a grid of
dielectric function values with positive real and imaginary parts. In (b) the Fresnel formulas
are used to calculate reflectivity pairs at the angles and polarizations indicated for each of
the points in (a). (c) The dielectric function of Al (from 1.7 to 3.5 €V) is plotted over a
grid of dielectric function values with negative real parts. In (d) the Fresnel formulas are
used to calculate reflectivity pairs at the angles and polarizations indicated for each of the
points in (c).

3.5 Summary

The optical pump-probe technique is one of the most valuable methods to study
time-resolved dynamics following laser excitation of materials, and it can be accomplished
though numerous configurations, including reflectivity or transmissivity measurements. We
developed a variation of the reflectivity pump-probe setup, which provides spectral, in
addition to temporal, information. This expansion allows for unambiguous interpretation
of the observed dynamics and for inversion of the reflectivity data to dielectric function

results. Dielectric function is an intrinsic property of a material and it offers fundamental
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advantages as a subject of study. Our results on optical excitation and control of coherent
oscillations in semiconductors illustrate the capabilities of our technique. Even though
inversion of reflectivity to dielectric function is not favorable for the study of metals, the
broadband nature of our reflectivity measurements still offers valuable insight in the study

of the solid-to-liquid phase transition of aluminum, which we will present in chapter 5.



Chapter 4

Previous work on Aluminum

In this chapter we discuss the structural and optical properties of aluminum in
order to help the understanding of the data we present in the next chapter. Furthermore, we
present the results of previous studies on the laser-induced, solid-to-liquid phase transition
in aluminum. We highlight the discrepancies between the existing results and we proceed

to address them in the next chapter.

4.1 Properties of aluminum

Aluminum is one of the most studied materials both theoretically and experimen-
tally. It is easily machined and has excellent corrosion resistance and durability. Aluminum
is used in myriads of applications losing the first place only to iron. Its applications range
from aircraft and rocket manufacturing to household and telescope mirrors, cans and foil,
construction units, electrical transmission lines, machinery, paint, weapons, glass making,
rocket fuels and heat sinking in electronic devices. It is only natural that it has attracted a
great deal of scientific attention and its properties are well known. Al is the 13th element

in the periodic table and its electronic configuration in the ground state is [Ne] 3s? 3p?.

84
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Among all other properties, the optical properties of aluminum have attracted sig-
nificant attention. As a result, the lattice structure, electronic configuration, band structure
and dielectric function of the material are well known. In the following two sections we will
give an overview of the structure and optical properties of solid and liquid aluminum before

we go on to discuss the dynamics of the transition between the two phases.

4.1.1 Solid aluminum

Solid aluminum crystallizes in the face-centered cubic (fcc) Bravais lattice with one
atom at each lattice site [6]. The lattice constant is & = 0.405 nm. Aluminum is a trivalent
metal, meaning that each atom contributes 3 valence (or conduction) electrons to the sea of
electrons of the material. The Fermi energy of aluminum is 11.7 eV. The density of valence
electrons in aluminum can be calculated easily in the same way that applies to all metals.
A metallic element contains 0.6022 x 10%* atoms per mole (Avogadro’s number) and p,/A
moles per cm?, where p,, is the mass density and A is the atomic mass of the element. As
we mentioned aluminum is a trivalent metal, so each atom contributes 3 valence electrons.

As a result the density of valence electrons, n = N/V is

3
n = 0.6022 x 1024%. (4.1)

For aluminum the density of valence electrons turns out to be 18.1 x 10?2 ¢cm™3.
This density, which is typical for a metal, is a thousand times greater than the density
of a classical gas at normal temperatures and pressures. In photoexcitation experiments
a significant portion of the valence electrons is excited by the laser pulses. The band
structure of aluminum has been shown to be nearly free-electron-like [92]. The free-electron

approximation neglects electron-ion interactions in metals and can serve as a rough model

for a qualitative understanding of many metallic features, although it fails to explain some of
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the experimental observations. For a more successful model, electron-electron and electron-
ion interactions need to be taken into account. Polyvalent metals, such as aluminum, pose
additional challenges in constructing a realistic potential to be used for band structure
calculations. In studying alkalis, which are the simplest metals, one generally introduces
the Wigner-Seitz assumption which is that the potential acting on the electron is that due
to the ion core within the cell [6]. However, in the case of a polyvalent material, the fields
that act on a valence electron depend in an important way on the distribution of the other
valence electrons, and since the valence wave functions are significantly different in the solid
than they are in the free atom, the previously mentioned simplicity does not exist. Figure
4.1 shows calculated valence bands for aluminum (solid lines) compared with free-electron

bands (dashed lines).
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Figure 4.1: Calculated band structure of aluminum (solid lines). Dashed lines: free-electron
band structure. After Ref. [92].

The calculated bands agree very well with the free-electron bands, supporting the

statement that aluminum is a nearly free-electron metal. The only difference arising from
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taking into account the electron-ion interactions (solid lines) is the splitting of degenerate
bands.

A more detailed band structure calculation was presented by Ehrenreich et al.
[93] who proceeded to connect the band structure with reflectivity and dielectric function

measurements on aluminum. Figure 4.2 shows the result of their calculation.
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Figure 4.2: Calculated band structure of aluminum. After Ref. [93].

This calculation includes symmetry point eigenvalues up to 2.4 Ry, while the cal-

culation in Figure 4.1 stops at 1.2 Ry. The first thing to observe from Figure 4.2 is that the
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free-electron-like behavior persists in the higher energy range where the energy bands are
still nearly parabolic. Another feature that manifests itself in the optical properties of the
material is the existence of parallel bands that give rise to interband electronic transitions
that dominate the optical response of aluminum in certain photon energies. Specifically,
the authors find that interband electronic transitions between the occupied state Wy, and
the unoccupied state W1 as well as transitions between the states 3 and X1 contribute
significantly to the imaginary part of the dielectric function of aluminum. The calculated
transition energies are 1.41 eV. The same calculations predict that allowed higher energy
transitions set in at about 8 eV and above. The dielectric function of aluminum, however,
exhibits no structure in this range as we shall see below. The absence of an optical feature
at this energy is explained by the fact that the peak value of the contribution from a tran-
sition point in the band structure is proportional to E4 3/ 2, where F; is the energy gap of
the transition. Therefore, the numerous transitions at still higher energies would certainly
be unimportant and it is the transitions around 1.41 eV that dominate the optical response
of aluminum.

The dielectric function of aluminum has been studied through various experiments
in the past and the most accurate results [91] appear in Figure 4.3.

The most prominent feature of the dielectric function is the resonance around
1.55 eV. We observe that the imaginary part peaks at this photon energy while the real
part presents a Kramers-Kronig consistent inflexion. This feature arises from interband
electronic transitions due to the parallel band structure of aluminum around the W point
and the ¥ axis as we discussed earlier. The discrepancy between the 1.55 eV value that
appears to be the center of the resonance in the experimental data and the 1.41 eV value
of the theoretically calculated energy gap between the electronic transitions that contribute

to the optical feature is probably due to simplifying assumptions followed in the theoretical
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Figure 4.3: Dielectric function of solid aluminum. Dashed line: imaginary part. Solid line:
real part.

calculations. A peak in the imaginary part of the dielectric function corresponds to enhanced
absorption of light with photon energy of 1.55 eV. Indeed, if we calculate the reflectivity
of aluminum using the Fresnel equations we observe that the reflectivity decreases around

1.55 eV, as shown in Figure 4.4.
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Figure 4.4: p-reflectivity of solid aluminum calculated from the Fresnel equations at 68°
angle of incidence.

This shape of the reflectivity of aluminum has been verified experimentally and
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it is characteristic of the material. Due to the reduction in the reflectivity around 1.55 eV
aluminum mirrors are not preferred for the IR and golden mirrors are used for demanding

applications instead.

4.1.2 Liquid aluminum

Although the optical properties of solid aluminum are well established, the optical
properties of liquid aluminum have been studied much less and there are still controversies in
the existing literature. The experimental challenge lies in the contamination of the samples
from oxidization and requires conditions of ultra high vacuum for valid results.

The first one to report optical measurements on liquid aluminum is Miller [94] in
a series of experiments where she used an ellipsometric method to study liquid metallic
specimens. Aluminum was heated to 1173 K, which is above its melting temperature of
933 K, by a coil of molybdenum wire. Measurements were taken at a pressure of 107!
Torr in order to prevent rapid oxidization of the heating element. The most important
finding of this study was that the dielectric function of liquid aluminum shows no significant
structure around 1.5 eV. The results were fitted with a Drude dielectric function, which takes
into account only free-electron contributions and the result was reasonably good, although
significant discrepancies were present. An attempt to improve the fitting by introducing an
effective carrier density N* instead of the actual density N in Eq. 2.24 yielded unreasonable
results for the effective carrier density and the author concludes ”...the data may not, after
all, represent the true optical properties of liquid Al in the bulk” [94].

The subject was revisited decades later by Havstad et al. [95], who built an appa-
ratus to measure the optical constants and thermal radiative properties of liquid metals over
a broad frequency range. The samples were contained in ultrahigh vacuum corresponding to

a pressure of 107!° Torr in order to minimize surface contamination. Optical measurements
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were taken only after sulfur, carbon, or oxygen impurities were not detectable. Aluminum
was heated above the melting temperature and data were taken at 950 K, 990 K, and 1030
K. The results are shown in Figure 4.5.
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Figure 4.5: (a) Index of refraction of liquid aluminum for different temperatures. Solid line:
Drude fit. (b) Extinction coefficient of liquid aluminum for different temperatures. Solid
line: Drude fit. After Ref. [95].

The first thing to note is the absence of any feature near the 1.55 eV (800 nm)
point, in agreement with Miller. According to these two studies the parallel bands in the
band structure of solid aluminum are no longer present in liquid aluminum due to loss of
long range order. Havstad et al. are able to fit their data with a Drude model (solid lines in
Figure 4.5). It is possible that Miller was not able to fit her data as well as Havstad et al.
because she didn’t use ultrahigh vacuum conditions. She claims that at the temperature she
used the oxide layer on aluminum decomposes but apparently ultrahigh vacuum is needed
for reliable results.

Shortly after Havstad’s results a new ellipsometric study appeared on the optical
properties of liquid aluminum, by Krishan and Nordine [96]. This time the claim was
that liquid aluminum maintains the interband feature of solid aluminum in the optical

properties. The authors eliminate oxides from the aluminum specimens by conducting the
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optical measurements on electromagnetically levitated liquid aluminum and by heating the
specimens to temperatures sufficient to vaporize oxides, decompose nitrides, and also reduce
the oxygen and nitrogen content of the metal well below the solubility limits. Their results

at 1550 K are shown in Figure 4.6.
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Figure 4.6: (a) Real part of the dielectric function of liquid aluminum at 1550 K. (b) Optical
conductivity of liquid aluminum at 1550 K. After Ref. [96].

In the left panel the real part of the dielectric function of liquid aluminum is shown.
In the right panel the authors report data on the optical conductivity, which is proportional
to the imaginary part of the dielectric function (c¢f. Eq. 2.23). The most striking feature
in these results is the presence of an absorption peak at 1.4 eV for the liquid, which is
similar to the one found for the solid. The magnitude of the peak is similar to that for the
solid, while its position is shifted to lower energy, as is also the case for solid aluminum
at higher temperatures [97]. The authors attribute the persistence of the absorption peak
to the existence of enough local order in the liquid state. This result is in disagreement
with the previous results obtained by Miller and Havstad et al., and Krishnan and Nordine
attribute the discrepancy to contaminated specimens.

Krishnan and Nordine were able to take measurements at several temperatures
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and this allowed them to follow the evolution of the optical constants of liquid aluminum

as a function of temperature, as shown in Figure 4.7.
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Figure 4.7: (a) Index of refraction of liquid aluminum as a function of temperature for differ-
ent wavelengths. (b) Extinction coefficient of liquid aluminum as a function of temperature
for different wavelengths. After Ref. [96].

In the Figure above the index of refraction is shown to increase with increasing
temperature while the extinction coefficient is shown to decrease. These results are in
agreement with our measurements on the reflectivity of liquid aluminum, as we will discuss
in the next chapter.

The last and more recent experimental study on the optical properties of liquid
aluminum was presented by Akashev and Kononenko in 2001 [98]. The authors performed
ellipsometric measurements on liquid aluminum specimens and used a thermodesorption
method to clean the material surface from oxides. The oxide film disappeared from the
melt surface when they heated the specimen in a vacuum of 107° Pa to 1173 K. Their
results agree more with the results of Miller and Havstad et al., as shown in Figure 4.8.

The findings of Krishnan and Nordine are not reproduced in these results since
there is no absorption peak present at the dielectric function. It seems once more that the

dielectric function of liquid aluminum is that of a free-electron system without interband
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Figure 4.8: Dielectric function of liquid aluminum. After Ref. [98].

contributions.

The latest study that shed some light on the optical properties of liquid aluminum
was the calculations performed by Benedict et al. [97] using an empirical pesudopotential
technique. The authors find that the optical spectrum of liquid aluminum is Drude-like for
all temperatures above the melting temperature, possessing no peak near 1.55 eV. Their
results are shown in Figure 4.9.

In this Figure the imaginary part of the dielectric function, e3(w), is calculated
for lattice temperatures below and above the melting temperature. The bold solid lines
indicate T' = 0 K, 750 K, and 950 K, with the T'= 0 K line being the bottom one at 1 eV.
The melting temperature of aluminum is 933 K. We observe that for temperatures up to
750 K the peak in the imaginary part of the dielectric function is clearly visible though its
position is shifted to lower energies as the temperature increases. Just below the melt, at
900 K, the authors calculate a spectrum that looks quite featureless. For all temperatures
above the melting temperature the calculated spectra look Drude-like, without any signs of

interband contributions.
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Figure 4.9: Calculated values for the imaginary part of the dielectric function of aluminum
for T =0 K, 100 K, 200 K, 300 K, 400 K, 550 K, 750 K, 900 K, 950 K, 1400 K, and 1800
K. Bold solid curves indicate T' = 0 K, 750 K, and 950 K. For the purpose of identifying
the curves, note that ez is monotonically increasing with 7" at 1 eV. After Ref. [97].

Despite the controversies in the existing literature it seems that there is some
agreement between the majority of researchers about the optical constants of liquid alu-
minum. This fact, combined with the well established optical properties of solid aluminum
both from experimental and theoretical point of view, makes it safe to argue that aluminum
is well-studied in both phases. The remaining question is how does the material pass from
one state to another? As we will discuss below there is some controversy to be resolved
about this question. In the rest of this chapter we will present the two major studies on
this issue and we will highlight the discrepancies before we proceed to present our data in

the next chapter.
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4.2 An optical study of the solid-to-liquid phase transition

in aluminum

In 2000, Guo et al. [22] did an optical pump-probe experiment on the solid-to-liquid
phase transition in aluminum. They took time-resolved reflectivity data at 800 nm (1.55
eV) at two angles of incidence, and using the Fresnel equations they were able to convert the
reflectivity data to dielectric constant dynamics. A schematic of their experimental setup

is shown in Figure 4.10.

delay stage
M M
L
M, probe d M
s N
BS N
=7 :
delay stage
|
BS L pump O sample
L
Amplified Ti:sapph
1.55eV, 700J
130 fs, 1KHz ,
!. _L ________________________ computer

Figure 4.10: Schematic diagram of the setup of the optical pump-probe experiment of Guo
et al. [22].

They used an amplified Ti:sapphire laser system with a central wavelength of 800
nm, producing 130-fs pulses. The laser output beam was further split into three different

beams: the pump beam, which contains most of the energy of the initial beam, and two
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probe beams which are much weaker than the pump in order to avoid probe-induced dy-
namics. Therefore in this experiment both the pump and the probes are centered around
800 nm. This is a particularly suitable wavelength since aluminum has a resonance in its
optical properties at 800 nm. At this wavelength absorption is enhanced allowing for more
effective coupling of light into the material. The pump beam is focused at normal incidence
on the sample. The two probe beams are focused to an area ten times smaller than the
pump in order to ensure probing of a homogeneously excited surface. The probe beams
are incident on the sample at 47° and 58° and after reflection they are detected by two
photodetectors. By varying the beam path between the pump and the probe beams the
authors are able to measure the reflectivity for different time delays, either before the arrival
of the pump —negative time delays— or after the arrival of the pump — positive time delays.
The sample is translated between different shots, such that each pump pulse excites a fresh
spot on the material’s surface.

In order to study an irreversible phase transition such as a solid-to-liquid phase
transition one has first to determine the damage threshold, that is the minimum incident
laser fluence which induces irreversible changes in the material. The most usual way to do
this is to illuminate the sample with laser pulses of increasing energy until a visible damage
spot appears on the material’s surface when the latter is examined under a microscope.
Additionally to examining the surface under a microscope the authors employed reflectivity
measurements in order to determine the damage threshold more accurately. Figure 4.11
shows changes in the reflectivity of aluminum induced by pump pulses of varying fluences.
The reflectivities are recorded 2 ps and 10 ps after the arrival of the pump.

What we observe from Figure 4.11 is an increase in the probe reflectivity as the
pump fluence varies up to 34 mJ/cm? and then, for fluences bigger than 34 mJ/cm?, the

reflectivity drops to a lower value and remains relatively unchanged as the pump fluence
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Figure 4.11: Normalized changes in the reflectivity of aluminum as a function of incident
laser fluence 2 ps (solid squares) and 10 ps (open squares) after photoexcitation. After
Ref. [22].

increases further. The increase in the probe reflectivity is due to transient bleaching created
by the pump. Absorption of the 800-nm pump photons promotes a fraction of the material’s

electrons from the bottom to the top parallel band, as shown in Figure 4.12.
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Figure 4.12: Parallel bands in the band structure of aluminum separated by 1.55 eV.

Due to Pauli blocking of the excited states the reflectivity of the 800-nm probe,
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when the probe arrives shortly after the pump, will increase. As the fluence of the applied
pump field increases, the electronic population promoted to higher-energy states increases
and less electrons are available to absorb the probe photons, therefore the reflectivity of
the probe changes monotonically with the pump fluence. Once the pump fluence exceeds
the threshold value of 34 mJ/cm? the reflectivity of the probe does not increase any further
but drops to a value that remains constant for pump fluences above the threshold value.
This indicates that a severe modification of the band structure takes place at these fluences.
Most probably the parallel band structure collapses and the effect of transient bleaching
is not observed any further. Additionally, when the authors examine the sample under an
optical microscope they detect observable damage on the surface for fluences greater than
34 mJ/cm?.

The question at hand then is: how long after the pump pulse does the damage
occur? In order to answer this question the authors measured time-resolved reflectivity
dynamics using the pump-probe setup shown in Figure 4.10 and then numerically inverted
the Fresnel equations to obtain dielectric constant dynamics. Their results are shown in
Figure 4.13.

This Figure shows dielectric constant dynamics (at A = 800 nm) for three different
fluences. The first fluence, 2.1 mJ/cm?, is well below the damage threshold and indeed the
dielectric constant data show little variation with respect to their equilibrium values. The
dielectric constant returns to the equilibrium values shortly after the excitation. The second
fluence, 34 mJ/cm?, is exactly the damage threshold fluence. From Figure 4.13 we see that
the dielectric constant becomes significantly perturbed but the authors note that it returns
to the equilibrium values 200 ps after the arrival of the pump. Therefore at this fluence
the change for the dielectric constant is reversible. The situation becomes more interesting

at the third fluence of 63 mJ/cm?, shown in Figure 4.13. This fluence is well above the
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Figure 4.13: Time-resolved dielectric constant dynamics (at 800 nm) following laser excita-
tion below the damage threshold (top panel), at the damage threshold (middle panel), and
above the damage threshold (bottom panel). After Ref. [22].

damage threshold and the authors report that the changes in the dielectric constant are
irreversible. In this case the dielectric constant seems to obtain the liquid aluminum values
within 500 fs after the arrival of the pump. Based on these results the authors conclude
that the laser-induced solid-to-liquid phase transition in aluminum is complete 500 fs after
photoexcitation.

This time interval is too short for the process to be thermal. In a thermal process
heat is transferred from the excited electronic population to the lattice through electron-
phonon scattering events. The temperature of the lattice increases, until it reaches the
melting temperature of the material and then melting occurs. However, phonon thermal-
ization requires picoseconds to be complete and cannot be responsible for a transition which
is complete within 500 fs. Therefore the conclusion is that due to resonant pumping a severe
fraction of the electronic population becomes excited to higher-energy states; the electron

redistribution alone modifies the potential landscape seen by the ions so dramatically that
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even before the ions have the time to equilibrate to the melting temperature severe lattice

disordering occurs and the material behaves like a liquid.

4.3 An electron diffraction study of the solid-to-liquid phase

transition in aluminum

The results reported in Section 4.2 sparked significant attention. Although non-
thermal melting has been repeatedly observed in semiconductors [10,33-39] it isn’t even
clear if such a process can be realized in metals. For semiconductors, melting under intense
laser irradiation is now generally accepted as an athermal transition mostly induced by a
softening of the interatomic bonds, which takes place long before the more conventional
thermal transition due to the energy transfer from the electrons to the ionic lattice. Met-
als on the other hand do not form covalent bonds which would be weakened due to the
excitation of electrons from bonding to antibonding states.

Another study about the solid-to-liquid phase transition in aluminum followed in
2003 [99], this time using the diffraction of a femtosecond electron beam as a probe. The
advantage of the electron diffraction probe is that it provides direct access to the lattice
during the transition, while reflectivity measurements cannot directly distinguish between
electron and lattice dynamics. Of course, by interpretation of the optical results and the
timescales associated with the reflectivity dynamics one can often infer whether the changes
are electron- or lattice-induced. Since femtosecond electron diffraction can only resolve
lattice dynamics the two techniques can be used complementary to provide the complete
picture of ultrafast dynamics in solids.

The ultrafast electron diffraction technique is being developed for over two decades,

as shown in Figure 4.14.
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Figure 4.14: Milestones in electron diffraction history. After Ref. [58].

In this technique a laser beam provides the pump while an electron source pro-
vides electron pulses which serve as the probe. The challenge lies in obtaining a high-flux
electron pulse with the required time resolution and sensitivity to capture the photoinduced
dynamics. Figure 4.14 summarizes the most important advances in electron diffraction ex-
periments with respect to achieved time resolution. In 1983 Ischenko et al. [100] do the
first laser-pump electron-probe experiment on the gas phase photodissociation of CF3l; one
year later Williamson et al. [101] break the nanosecond limit with the first subnanosecond
electron diffraction experiment on the laser melting of superheated Al; in 1992 Williamson
et al. [102] revisit the photodissociation of CF3l in an experiment with increased time res-
olution; in 2001 two groups achieve even shorter electron pulses in experiments involving
CqoF4I photodissociation [103] and cyclohexadiene ring-opening [104]; finally, in 2003 Si-

wick et al. [59,99] achieve subpicosecond electron pulses for the first time and choose to
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study the solid-to-liquid phase transition in aluminum.

The experimental setup of Siwick et al. is shown in Figure 4.15.
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Figure 4.15: Schematic diagram of the electron diffraction experiment of Siwick et al. [99].

The laser beam they used as the pump was the output of an amplified Ti:sapphire
laser system with a central wavelength of 775 nm and a pulse duration of 120 fs. Each
laser pulse was divided into two parts, one used to photoexcite the sample and one used
to drive the photoactivated electron gun which produced the electron pulses that were
used as probe pulses. The electron gun was capable of delivering sub-500-fs electron pulses
containing number densities sufficient for structure determinations with fewer than 100
shots. After transmission through 20-nm thick polycrystalline aluminum films the electron
pulses are detected by a plate-phosphor screen and a CCD camera that images the diffraction
patterns. The use of films as thin as 20 nm prevents broadening of the time resolution by
velocity mismatch between optical and electron pulses over the sample volume.

The authors used pump pulses with an incident fluence of 70 mJ/cm? in order to
drive the solid-to-liquid phase transition in aluminum. They recorded electron diffraction
patterns at pump-probe delay intervals of 500 fs until the onset of the transition and coarser
time steps afterwards. The results are shown in Figure 4.16.

At the top left panel we observe that 500 fs after the laser excitation the diffraction

pattern still shows the diffraction rings which are associated with the fcc lattice structure of
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Figure 4.16: Sequence of electron diffraction patterns of aluminum taken after photoexci-
tation above the damage thershold. After Ref. [99].

polycrystalline aluminum. The rings are no longer visible at 3.5 ps and the authors conclude
that this is the time needed for the solid-to-liquid phase transition to be completed for the
20-nm films used in this experiment. The single broad ring present at the diffraction pattern
at 3.5 ps is characteristic of a liquid. The absence of discrete features in the diffraction
pattern reveals the complete loss of long-range order. Measurements up to 6 ps after the
arrival of the pump beam suggest that the liquid structure has not fully equilibrated by
that time. It is difficult to say whether the liquid structure has equilibrated even 50 ps
after the arrival of the pump beam. However, what is important in this study is not the
equilibration of the liquid state but the disappearance of the solid state and this seems to
happen in 3.5 ps.

These findings indicate that the solid-to-liquid phase transition in aluminum is a
thermal process and its timescale is set by the electron-phonon coupling constant, g, as
predicted by Eq. 2.64, in which we need to neglect the diffusion term. We can solve Egs.

2.64 and 2.65 using the relevant parameters for Al: electron heat capacity v = 125 J/m3K?,
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lattice heat capacity C; = 2.4 x 105 J/m?K, and electron-phonon coupling constant g =
3.1 x 101" W/m3K [105]. For the photoexcitation strength used in their experiment Siwick
et al. expect the aluminum lattice to achieve its melting point temperature of 933 K within
750 fs after the arrival of the pump beam, according to the two-temperature model. By
3.5 ps the lattice has disordered to such degree that the diffraction peaks associated with
all the lattice planes are reduced below the noise level of this experiment. This finding is
in contrast with the conclusions of Guo et al. which we described in Section 4.2, according
to which the solid-to-liquid phase transition in aluminum is a non-thermal process that is

complete within 500 fs.

4.4 Comparison of previous studies and our technique

The two studies we presented in detail in the previous sections reached two differ-
ent results. The optical pump-probe study centered at 800 nm concluded that the changes
in the dielectric constant of aluminum during the solid-to-liquid phase transition take place
within 500 fs and afterwards the material exhibits dielectric constant values which match
very well the values of the dielectric constant of liquid aluminum. From these measurements
it was inferred that lattice melting occurs on a subpicosecond scale, which is shorter than
the time it takes for optically excited electrons to relax via lattice phonon scattering. These
observations suggest a non-thermal mechanism for melting, where the lattice bonding soft-
ens because of the photoinduced changes in electron distribution. On the other hand, the
electron diffraction experiment showed that the solid-to-liquid phase transition in aluminum
is complete within 3.5 ps, a time which is set by the electron-phonon coupling constant in
agreement with the thermal mechanism for melting.

Each of the aforementioned studies has its own limitations. The optical pump-
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probe study has excellent time resolution, down to 130 fs, but limited spectral information
because it tracks the changes in the dielectric constant of aluminum only at one wavelength.
Furthermore, as we showed in section 3.4, in the case of metals inversion of reflectivity
measurements at two angles of incidence to obtain dielectric function values is subject to
big errors that compromise the validity of the results. In Figure 4.17 we show the mapping
of a grid of dielectric constant values onto reflectivity space for the angles and polarization
used in the optical pump probe study of Guo et al. We choose a set of dielectric constants
with a negative real part and a positive imaginary part because this is the case for metals

and particularly for aluminum in the visible range.
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Figure 4.17: (a) A grid of dielectric constant values with negative real part and positive
imaginary part. (b) The Fresnel formulas are used to calculate reflectivity pairs at the
angles and polarizations indicated for each of the points in (a).

We observe that the mapping does not favor inversion of reflectivity data to di-
electric constant values. To make things worse, there is a limited number of studies that
provide measurements on the dielectric constant of liquid aluminum and there are signifi-
cant variations between them. In particular, the study by Miller [94] that the authors use
to compare their data on the liquid dielectric constant is challenged by the author herself
after careful analysis which leads to unrealistic fitting parameters.

The electron diffraction study unambiguously provides information on the atomic
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configuration of aluminum during the solid-to-liquid phase transition. However, being the
first subpicosecond electron diffraction experiment it still suffers from limited time resolution
compared to optical experiments. The time-resolved data are taken with a step of 500 fs
which is the completion time of the optical study. Furthermore, electron diffraction is
sensitive only to lattice changes and not to electronic redistribution effects which would
provide a more complete picture of the transition.

Given the above limitations and the obvious discrepancies between the two studies
we set out to revisit the optical properties of aluminum during the solid-to-liquid phase tran-
sition employing the dual-angle time-resolved reflectometry technique which we described
in section 3.2. Our technique combines very high time resolution —down to 40 fs— with a
broad spectral window, extending from 1.7 to 3.5 eV. Therefore it is suitable for resolv-
ing ultrafast phase changes clearly and unambiguously. The results are a combination of
the electronic and structural response. Due to the different timescales of electronic and
structural effects it is usually straightforward to interpret the observed dynamics. In the
next chapter we present the results of broadband reflectometry on the solid-to-liquid phase

transition in aluminum.

4.5 Summary

Aluminum is one of the most widely used metals and its optical properties are
extensively studied, both theoretically and experimentally. The band structure of aluminum
is very similar to a free-electron band structure. However, the existence of parallel bands
with an energy gap 1.55 eV, lying above and below the Fermi level, introduce prominent
interband electronic transitions in the optical spectrum of the material. The result is that

aluminum exhibits pronounced absorption at wavelengths around 800 nm (1.55 eV). Liquid
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aluminum does not exhibit the same enhanced absorption at 800 nm, most probably because
the parallel bands do not longer exist due to the loss of long range order in this phase. The
phase transition of aluminum from the solid to the liquid state has recently been a subject
of debate. An optical study completed in 2000, found that the phase transition is complete
within 500 fs, indicating a non-thermal mechanism, since this time is much shorter than
the lattice thermalization time. Later, in 2003, an electron diffraction study produced a
different result. The transition was complete after 3.5 ps, indicating a thermal mechanism,
consistent with the two-temperature mode. Motivated by this discrepancy we chose to
perform another optical study on the solid to liquid phase transition in aluminum, using
our broadband reflectometry technique, presented in chapter 3. We discuss the results and

compare them with the two existing studies in the next chapter.



Chapter 5

Laser-induced solid-to-liquid phase

transition in aluminum

In this chapter we present femtosecond time-resolved measurements of the reflec-
tivity of aluminum during the solid-to-liquid phase transition over the spectral range 1.7
— 3.5 eV. Previous optical and electron diffraction studies have shown discrepancies in the
time scale of the solid-to-liquid phase change, and have led to different interpretations of
the transition mechanism. Our experiments yield optical data that agree with the electron
diffraction study and verify that this transition is a thermal process mediated through the

transfer of heat from the photoexcited electronic population to the lattice.

5.1 Introduction

The dynamical properties of the electrons and the lattice in solids define many basic
properties of these materials, such as their conductivity, superconductivity, magnetism, and
their linear and nonlinear optical characteristics. Excitation with intense ultrafast laser

pulses is one way to induce non-equilibrium processes and observe resulting dynamics.

109
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However, a comprehensive understanding of the relevant physics remains elusive due to
the extreme non-perturbative nature of strong-field laser interactions with valence and core
states. Therefore ultrafast pump-probe measurements are vital for preparing matter into
an exotic state within hundreds of femtoseconds, and elucidating the mechanisms by which
the excited matter reaches equilibrium.

Previous studies have shown that large laser-induced changes in carrier occupation
in metals and semiconductors can lead to substantial band structure renormalization and
even to structural phase transitions [10,21-25]. An ultrafast laser pulse, with a duration
shorter than the excited electron energy-loss lifetime, can rapidly heat electrons to a very
high temperature while leaving the lattice relatively cool since the heat capacity of the
electrons is much smaller than that of the lattice. This transient two-temperature system
tends to reach equilibrium within a few picoseconds via electron-phonon interactions as well
as electron transport out of the excited region. In the perturbative low-intensity regime, the
excited region reaches equilibrium with little disorder. In the high-intensity regime, on the
other hand, structural changes such as melting and ablation take place and the material is
permanently modified. Previous studies have shown a novel non-thermal melting mechanism
in semiconductors [10,33-39]. This non-thermal process is typically very fast, on the order
of hundreds of femtoseconds, and occurs when the ions rapidly gain kinetic energy after the
laser-induced electronic excitation and rearrange themselves in a liquid configuration before
the lattice has enough time to thermalize.

In this paper we present an ultrafast pump-probe study of the solid-to-liquid phase
transition in aluminum. Even though solid-to-liquid phase transitions in metals are of
fundamental importance in materials processing and manufacturing, the understanding of
laser-induced melting in metals is still mostly at the phenomenological level. The optical

properties of aluminum have been a subject of intense research over the past decades [91].
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However, there are only a few studies providing information about the optical properties
of liquid aluminum and the results often contradict each other [94-98]. The reason is
that experimental studies encounter errors arising from surface contamination and the high
melting temperature of metals, while theoretical studies are challenged by the breakdown
of translational invariance needed in the usual band structure calculations. Even less infor-
mation exists on how aluminum passes from one phase to another. The widespread use of
Ti:sapphire lasers operating at wavelengths in the 800-nm regime (photon energy = 1.55
eV) is particularly suitable for the photoexcitation of aluminum because its absorption is
enhanced at these wavelengths and light can couple into it more effectively. The reason
for this enhanced absorption is the existence of nearly parallel electronic bands around the
Fermi energy, separated by a gap of 1.55 eV, which induce an interband contribution to
the dielectric function around 800 nm [93]. These parallel bands, leading to enhanced ab-
sorption, allow the excitation of a large population of electrons. The presence of such a
large excited electronic population poses the question of whether or not the material can
undergo an electronically induced non-thermal solid-to-liquid phase transition. So far there
have been two studies that looked into this particular question. Guo et al. [22] performed
optical pump-probe measurements on the dielectric constant of aluminum at 800 nm, with
femtosecond time resolution. They have shown that at 800 nm the dielectric constant of
solid aluminum reaches its liquid value within 500 fs. This time is shorter than the time
scale for lattice thermalization, which lies in the picosecond regime, therefore the material
was believed to undergo a non-thermal, electronically induced phase transition. Siwick et
al. [99] sent 500-fs long electron pulses through an optically excited thin aluminum film and
studied the resulting electron diffraction spectra. It was found that for the 20-nm thick
aluminum films used, the solid-to-liquid phase transition was completed within 3.5 ps and

that it was propagated by thermally sampled configurations.
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Each of the two aforementioned studies has its limitations. The optical pump-
probe experiment was performed with high time resolution, down to 130 fs, but was spec-
trally limited since it tracked the dynamics of the dielectric constant at only one frequency.
The electron diffraction experiment provided a direct picture of the aluminum lattice during
the phase transition but it was performed with limited time resolution, only down to 500
fs. We set out to link the two experiments with a broadband time-resolved reflectometry
technique, which enables the study of the optical properties of aluminum during the solid-
to-liquid phase transition over a wide frequency range, from 1.7 to 3.5 eV, and with high
time resolution, down to 40 fs. Our findings indicate that the solid-to-liquid phase tran-
sition in aluminum is a thermal process that takes place on a picosecond timescale. The
observed optical properties over this broad frequency range do not exhibit a subpicosecond

equilibration time as was observed by Guo et al. [22].

5.2 Experimental

We performed dual-angle-of-incidence reflectometry in a pump-probe setup [60]
to measure the changes in the reflectivity of aluminum during the solid-to-liquid phase
transition. We use a commercially available Ti:sapphire oscillator to seed a home-built 1-
kHz-repetition-rate Ti:sapphire multipass amplifier which produces 40-fs, 0.5-mJ pulses at
800 nm [62]. Our pump beam consists of 800 nm s-polarized pulses that we focus on the
sample. We use a p-polarized white-light (1.7-3.5 eV) probe, which we obtain by focusing
an 800 nm laser pulse into a 3-mm thick piece of CaFy. To correct for dispersive stretching
of this broadband probe pulse, we measure the chirp separately using a Te sample [12] and
time-shift the data accordingly. We use a small fraction of the probe beam as a reference

beam in order to normalize the effect of pulse energy fluctuations. The pump beam spot size
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is about four times larger than the probe beam spot on the sample in order to ensure probing
of a homogeneously excited region. We performed single-pulse measurements where we
translate the sample between different shots so that each pump pulse excites an undamaged
area. Each data point was averaged over 20 shots. Two sets of reflectivity measurements
were taken at 68.4° and 58.7° angles of incidence for the probe beam. The detection system
is calibrated so as to obtain absolute reflectivity values. For all data sets, the angle between
the pump and probe beams was kept as small as possible (approximately 13°) to minimize
the loss of temporal resolution that accompanies non-collinear pump-probe experiments.
The polycrystalline 1-um thick aluminum samples were prepared by electron beam
evaporation of aluminum in high vacuum on clean glass microscope slides. The thickness
of the films is much greater than the expected penetration depth of the optical fields, 10
nm, and thus the samples can be considered to be optically thick. Reflectivity measure-
ments performed on aluminum and Al,Os3 at laser intensities and wavelengths similar to
the ones used in our study, determine that a thin oxide layer does not significantly affect

the aluminum metal data [106].

5.3 Results

In order to study the solid-to-liquid phase transition in aluminum we had to deter-
mine the minimum incident laser fluence which induces a permanent change on the material
surface; this is otherwise known as the damage threshold fluence. For this purpose we ir-
radiated our aluminum sample with single pump pulses of varying intensity. With the aid
of a scanning electron microscope, we were able to determine the minimum laser fluence
required to damage. Our results are shown in Figure 5.1, where we observe a spectrum

of damage: at high fluences, we clearly see damage spots, and at low fluences, there is
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no visible damage. From Figure 5.1, we conclude that the damage threshold fluence for
our aluminum sample lies between 157 mJ/cm? and 262 mJ/cm? and we estimate it to be
Fy, = 210 mJ/em?. A more physically relevant quantity is the absorbed fluence because
it directly correlates with the degree of electronic excitation. For our samples the peak
absorbed fluence that corresponds to an incident fluence of 210 mJ/cm? is 34 mJ/cm?. In

this chapter we report our results in terms of the peak absorbed fluence.

629 mJ/cm? 472 mJ/cm? 367 mJ/cm? 262 mJ/cm? 157 mJ/cm?

Figure 5.1: Scanning electron micrographs of a 1-pum thick Al film irradiated with single
40-fs, 800-nm pulses of varying incident fluences. A damage spot appears after irradiation
for fluences down to 262 mJ/cm?.

Figure 5.2 shows time-resolved reflectivity dynamics of aluminum across 1.8 —
3.5 eV following single pulse excitation where the peak absorbed fluence is 121 mJ/cm?.
The angle of incidence of the probe is 68.4°. For negative time delays, when the probe
arrives before the pump, we find that the reflectivity data are in very good agreement with
ellipsometric measurements of the aluminum sample used. After the arrival of the pump,
for positive time delays, we observe that across all frequencies within our spectral range the
reflectivity starts to drop as the solid-to-liquid phase transition is initiated. The transition is
complete after 1.9 ps, as can be seen by the darkened flat region in Figure 5.2. This is when
the reflectivity reaches its equilibrium value, which, for all frequencies in the white-light

probe, is lower than the reflectivity of solid aluminum.
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Figure 5.2: Time-resolved reflectivity dynamics of aluminum following single-pulse photoex-
citation across the frequency range 1.8 — 3.7 eV. The peak absorbed fluence of the incident
laser pulse is 121 mJ/cm?.

Figure 5.3(a) shows reflectivity dynamics for one frequency in the white-light spec-
trum, 2.1 eV, for the peak absorbed fluence of 121 mJ/cm? shown in Figure 5.2, as well as
for three other fluences, namely 104 mJ/cm?, 141 mJ/cm?, and 167 mJ/cm?. All data are
measured with the probe beam incident at 68.4° with respect to the sample normal. Figure
5.3(b) shows reflectivity dynamics for fluences similar to those in Figure 5.3(a), measured
with the probe beam incident at 58.7°. Because the first angle of incidence, 68.4°, is the
one closer to the angle for minimum p-reflectivity, the laser induced changes in the white-
light reflectivity are expected to be larger compared with the changes observed at 58.7°,
in agreement with Figure 5.3. In both angles the reflectivity of the liquid state decreases
as the incident pump fluence increases. This is because the optical properties of liquid
aluminum are known to change monotonically with temperature in the wavelength range

that is accessible to our experiment [96,107]. Specifically, the index of refraction increases
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and the absorption coefficient decreases with increasing temperature. These changes, when
accounted for in the Fresnel equations, predict a decrease in reflectivity with increasing
temperature. Our observations as shown in Figure 5.3, are in agreement with intuition that
a high pump fluence results in high temperatures for the liquid state, which then leads to

decreased reflectivity.
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Figure 5.3: Time-resolved reflectivity dynamics of aluminum following single-pulse pho-
toexcitation at 2.1 eV for different peak absorbed fluences of the excitation pulse. The
reflectivity measurements are taken at a probe beam incidence angle of (a) 68.4° and (b)
58.7°.

We find that the solid-to-liquid phase transition is complete within 1-2 ps for all
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fluences applied. We extract this time scale from curves similar to the ones shown in Figure
5.3 for all the different frequencies contained in our white-light probe. The dynamics in all
frequencies show similar time scales. For each fluence, we take the average of the solid-to-
liquid transition time over a frequency range of 2 — 3.3 eV, and plot it in Figure 5.4. In
the averaging process we did not take into account the two extrema of our spectral window
because the signal to noise ratio is lower for those frequency values. Figure 5.4 shows
that the average transition times are similar for like fluences with the biggest discrepancies
present at the lowest and highest fluence values. For the two lowest fluences the changes
in the reflectivity were small and the signal to noise ratio was significantly reduced. For
the two highest fluences we had to decrease the amount of light entering our detector to
prevent saturation by the intense scattered pump light. As a result there was a reduction
in the intensity of the measurable white-light probe and the signal to noise ratio was also
reduced. The results show no clear dependence on fluence. This is further supported by

the least-squares fit (solid line) plotted in Figure 5.4, which almost has a zero slope.
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Figure 5.4: Average transition times extracted from reflectivity measurements similar to the
ones shown in Figure 5.2 for different peak absorbed excitation fluences. Transition times
of reflectivity curves in the range 2-3.3 eV were averaged for each fluence. Reflectivity data
at probe incidence angles of 68.4° (circles) and 58.7° (squares) are analyzed. The solid line
is the least squares fit to the data points.
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In order to exclude the possibility that what we observe is a transient superheated
state or a plasma expansion process we took data up to 11 ps. In Figure 5.5 we plot
reflectivity data at 2.1 eV for a peak absorbed fluence of 121 mJ/cm? for the pump and an
angle of incidence of 70° for the probe. The dynamics across all frequencies of the white-
light spectrum are similar to the ones shown in Figure 5.5: the reflectivity drops for about 2
ps and after that it remains constant up to 11 ps. In a similar pump-probe experiment [108]
it was shown that the effect of plasma expansion on aluminum results initially in a pulse-
width-limited drop in the reflectivity followed by a slower recovery to approximately 60%
of the original value within 15 ps. However this is not what we observe in our experiment
where aluminum simply melts within 1-2 ps and then remains in the liquid state. Our result

also rules out a transient superheated state, which would evolve over the course of 11 ps.
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Figure 5.5: Time-resolved reflectivity dynamics of aluminum following single-pulse photoex-
citation at 2.1 eV, extending up to 11 ps. The peak absorbed fluence of the incident laser
pulse is 121 mJ/cm?. The reflectivity measurements are taken at an angle of 70°.
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5.4 Discussion

Our value for the damage threshold fluence is significantly higher than the values
reported in the two previous studies on the solid-to-liquid phase transition of aluminum
[22,99]. Guo et al. [22] observed damage formation for incident laser fluences higher than
34 mJ/em? and Siwick et al. [99] initiated the melting process with an incident laser fluence
of 70 mJ/ecm?. In our case, however, we observe no damage formation for incident laser
fluences less than 210 mJ/cm?. The reason for this discrepancy lies in the different sample
thicknesses of the aluminum films used in our study and the two previous studies. Our
samples were 1-pum thick in contrast to Siwick et al.’s 20-nm thick films and Guo et al.’s
reported use of thin films. For film thicknesses on the order of 20 nm, the length scale
is comparable to the ballistic range of the photoexcited electrons. As a result, the film
becomes uniformly heated upon electron thermalization and there are no significant hot-
electron diffusion effects [26]. The diffusion inhibition in very thin films results in a higher
energy density stored in the material and therefore thin films require a lower incident fluence
for damage to occur. However, in the 1-pm thick aluminum samples used in our study,
diffusion of hot electrons through bulk material becomes significant. The energy deposited
by the laser pump pulse is distributed deeper via electron diffusion, resulting in a lower
energy density stored in the material. The damage threshold for our aluminum films is
therefore about 6-7 times higher than the one previously reported for thin aluminum films,
in agreement with similar studies in other materials [26].

The solid-to-liquid phase transition times that we observe in our experiment lie
in the picosecond regime (c¢f. Figure 5.4). Our results qualitatively agree with the results
of Siwick et al. [99] in that the phase transition is a thermal process, mediated by heat

transferred from the excited electronic population to the lattice through electron-phonon
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coupling and becomes complete within a few picoseconds. The discrepancy between our
transition times and the 3.5 ps obtained in their study is primarily due to the different
thicknesses of the aluminum samples. As we already mentioned, in the 20-nm thick alu-
minum films that Siwick et al. used, hot-electron diffusion was inhibited while for the 1-um
thick aluminum films we used it is strongly present. This results in not only the higher
damage threshold that we discussed earlier but also in faster equilibration times for our
experimental conditions according to the two-temperature model [26]. Another factor that
contributes to the faster dynamics we observe is that we excite the material 3-4 times above
the damage threshold fluence while Siwick et al. applied an excitation only twice as much
as their damage threshold fluence. We can only detect reflectivity changes down to 3-4%,
so we use such a strong excitation field to generate a large signal. Our sensitivity is limited
by large shot-to-shot fluctuations in the white-light intensity. It should be noted also, that
our results agree very well with recent experiments on phase transitions in Au [24], where
the transition from the solid state to a quasisteady liquid state takes place in 1.5 ps. The
fluences used in these experiments are similar to the fluences we used in aluminum.

The reason that Guo et al. [22] observe an ultrafast phase transition with a 500 fs
timescale is most probably because they monitor only one frequency, the frequency of the
resonance in the dielectric function of aluminum. Indeed, our data at 1.7 eV, as shown in
Figure 5.6, exhibit faster dynamics than most of the other frequencies in our white-light
probe. This is the frequency in our spectral window closest to the aluminum resonant
frequency of 1.55 eV. In Figure 5.6, we plot the transient reflectivity at 1.7 eV following
an excitation of 141 mJ/cm?. The transient reflectivity at 2.1 eV for the same excitation
fluence is the dashed line in Figure 5.3(a). We observe that the reflectivity at 1.7 eV reaches
an equilibrium value at 800 fs after the arrival of the pump pulse. This time is close to the

500 fs reported by Guo et al. and it is much less than the time we extracted from Figure
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5.3(a).
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Figure 5.6: Time-resolved reflectivity dynamics of aluminum at 1.7 eV following single-pulse
photoexcitation. The peak absorbed fluence of the incident laser pulse is 141 mJ/cm?. The
reflectivity measurements are taken at a probe incidence angle of 68.4°.

The explanation for this discrepancy lies in the difference between the optical
properties of solid and liquid aluminum. To compare this, Figure 5.7 shows the solid line
representing the reflectivity of solid aluminum at 68.4° [91], and the dashed line representing
the reflectivity of liquid aluminum at the same angle [98]. We observe that while the changes
in the reflectivity are big in most frequencies depicted in Figure 5.7, the reflectivity remains
almost the same at the resonant frequency of 1.55 eV. It seems that when looking at the
resonant frequency alone there is not much change to observe and therefore one can obtain
misleading results, which indicate a non-thermal transition. Reflectivity changes measured
across a wider frequency range indicate that the transition is slower, in agreement with the
thermal mechanism [99].

In all the fluences we studied, the data exhibit a sudden increase in the reflectivity
near t = 0, which is then followed by a decrease towards the liquid value. This feature
however is not present in all frequencies contained in our probe. It appears at the lower

frequencies of the white light and then disappears. Figure 5.8 shows the maximum photon
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Figure 5.7: p-polarized reflectivity of solid aluminum (solid line) and liquid aluminum
(dashed line) calculated for an angle of 68.4°. Solid aluminum data: after Ref. [91], liquid
aluminum data: after Ref. [98].

energy for which we observe the peak near t = 0 at the reflectivity traces, for all the fluences

we applied. Electron heating is not likely to be the cause of this observation because it would

create a drop rather an increase in reflectivity [108].
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Figure 5.8: Maximum photon energy in the white-light probe for which we observe a sudden
reflectivity increase near t = 0 for all fluences we applied.

The presence of a feature near ¢ = 0 is customary in single-color pump probe

experiments and is considered to be a coherent artifact, arising from the interference of
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the pump and the probe beams when they arrive simultaneously at the material surface
[109-114]. More precisely, as the pump and the probe interfere, a transient absorption
grating is produced, which scatters a portion of the pump beam into the probe beam. A
coherent artifact is almost always present in pump-probe experiments where the two beams
have the same polarization. However, when the polarizations of the two beams are crossed,
as is the case in our experiment, the coherent artifact completely disappears or it appears
with reduced amplitude [112]. All this discussion applies when the pump and the probe
beams have the same frequency and they are derived from the same pulse. In our case the
pump and the probe do not have the same frequency, since our pump is centered at 1.55
eV and our probe spans the range of 1.7 — 3.5 eV. Nevertheless, it has been shown that if
the two beams are coherent and the pump beam has a frequency w; while the probe beam
has a different frequency wo, there can still be a coherent artifact [112]. This is true when
lwe — w1|_1 > Tresp, Where Tregp is the decay time of the impulse response of the material
to a delta function excitation. In our experiment the pump and the white-light probe are
coherent because they are derived from the same laser pulse. Therefore, from Figure 5.8
we conclude that the decay time of the impulse response of our aluminum sample is about
5 fs. The presence of a coherent artifact does not affect the conclusions of this dissertation
because we don’t use the data near ¢ = 0 for this purpose. However, it can be a severe
limitation for experiments that want to study effects which take place during the pump
pulse duration.

In Figure 5.9, we show reflectivity data at a negative time delay, that is before
the arrival of the pump (dashed line), superimposed on the reflectivity of our sample at
this particular angle of incidence (solid line), which we determine through ellipsometry.
Our data agree very well with the expected reflectivity and they confirm the decrease in the

reflectivity around the 1.55 eV aluminum resonance. The dotted line in Figure 5.9 represents
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the reflectivity spectrum of the final liquid state. We observe that for the liquid state the

resonant feature is absent and the reflectivity no longer has an interband contribution near

1.55 eV.
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Figure 5.9: p-polarized reflectivity of solid aluminum, determined through ellipsometry
(solid line) and reflectometry (dashed line) at 68.4°. p-polarized reflectivity of liquid alu-
minum at the same angle (dotted line).

This is true for all the fluences we studied, as shown in Figure 5.10. Due to the loss
of long-range order in the lattice, the parallel band structure is absent in the liquid state of
aluminum. This conclusion is in agreement with most of the studies on the optical properties
of liquid aluminum, which observe only Drude-like contributions to the reflectivity of the

liquid state [94,95,98].
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Figure 5.10: Reflectivity spectra of liquid aluminum following single-pulse photoexcitation
for different peak absorbed fluences. Measurements are taken at 68.4°.

5.5 Summary

We presented broadband reflectometry results on the solid-to-liquid phase tran-
sition in aluminum. The timescale of the transition appears to be 1-2 ps indicating a
thermal mechanism, in agreement with electron diffraction studies. The resonance in the
optical properties of solid aluminum at 1.55 €V is absent in the liquid state, demonstrating
that the parallel band structure is no longer present. The reflectivity of the liquid state is
lower than that of the solid state and remains constant over a period of 10 ps, showing no
plasma expansion contributions. A single-color optical probe, centered at the resonant fre-
quency of 1.55 eV, is not the most valid indicator for the completion of the solid-to-liquid
phase transition in aluminum. Broadband reflectivity data are required for an accurate

study of the timescales involved in the phase transition process.
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Summary and outlook

The development of a variety of ultrafast spectroscopic techniques, such as optical,
x-ray, or electron pump-probe experiments, allows for the complementary study of physical
processes that occur in materials during the first hundreds of femtoseconds after photoex-
citation. Intense laser excitation prepares matter in unique conditions of temperatures and
pressures, which otherwise would be encountered only in the interior of stars. Therefore we
have access to exotic states of matter in the controlled laboratory environment, where we
can experiment in order to further our understanding about the critical first picoseconds
that follow the excitation of a medium, with the ultimate goal of being able to tailor the
properties of materials according to the needs of technology.

The optical pump-probe method of ultrafast spectroscopy offers the highest time
resolution, down to a few femtoseconds, and allows tracking of the evolution of both the lat-
tice and electronic populations of the material under excitation.The method is well-founded
on Maxwell’s equations which describe the interaction of matter with light. The dielectric
function of a crystalline solid, along with knowledge of the band structure allow for in depth

interpretation of the optical data. Intense excitation of materials with ultrashort pulses cre-
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ates novel physical processes, which are not accessible with picosecond or nanosecond laser
pulses. Non-thermal melting is one process which is achieved through transfer of heat in a
material at a rate which is faster than the ionic response times.

Rather than following the traditional single-color reflectivity pump-probe tech-
nique, we developed a broadband dual-angle reflectometry method in order to study ultra-
fast processes in solids. Our technique combines multiple advantages. First, by allowing
for the collection of broadband reflectivity data, it offers a more clear and unambiguous
interpretation of the mechanisms under study, as well as the relevant time scales. Of-
ten, single-color studies observe responses particular to the specific wavelength and they
mistakenly interpret them as the material’s overall behavior. Broadband data are able to
distinguish between general trends and exceptional responses, giving a more complete pic-
ture of the dynamics under study. Moreover, where the error is small enough, inverting
the reflectivity data to dielectric function values is possible by virtue of having data sets
at two different angles of incidence. Having access to the dielectric function response of
a material offers a wealth of information, because dielectric function can be translated to
transmissivity, electrical conductivity, or band structure, thus offering a view of the intrinsic
properties of the medium.

In order to collect broadband optical data we need broadband optical sources.
Transparent materials, such as CaFs, fused silica, or water can be turned into white-light
sources when seeded with a femtosecond laser pulse. The spectrum of the generated white
light spans the visible and the UV, when the seed is an 800-nm pulse. Recently, the
continuous growth in the field of photonic crystals has provided us with a new white-light
source: the photonic crystal fiber. These fibers, which are able to confine light in an area of
very small diameter, allow for enhancement of nonlinear effects and generation of white light

using nJ of input energy. The produced spectrum spans the visible and the near-infrared,
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acting complementarily to the white light produced by CaFs.

Having such elaborate tools and techniques allowed us to study the solid-to-liquid
phase transition in aluminum. Aluminum is one of the most widely used metals and the
study of its properties is of extreme importance for numerous industrial and technological
applications. The band structure of solid aluminum is well studied and it occurs that
although the material behaves much like a free-electron metal, the presence of parallel
bands above and below the Fermi energy at some symmetry points gives rise to a dominant
interband electronic transition which enhances absorption of 800-nm light. The existence of
this transition manifests itself as a pronounced dip in the reflectivity of the material. Liquid
aluminum, on the other hand, does not preserve this feature due to loss of long range order.

Although the optical properties of solid and liquid aluminum are well established,
the transition process from one phase to the other, is a subject of recent debate. In 2000,
Guo et al. performed single-color reflectivity pump-probe experiments on the dynamics
of the particular phase transition in aluminum and they found that the process was com-
plete within 500 fs. This time interval is shorter than the time it takes from heat to be
transferred from the photoexcited electrons to the lattice and for subsequent lattice ther-
malization, therefore they concluded that the observed dynamics indicate a non-thermal
melting mechanism. Later, Siwick et al. performed an electron-diffraction pump-probe ex-
periment on the same subject and they did not confirm the non-thermal character of the
transition. The time scale of the dynamics in their experiment seems to be about 3.5 ps,
which is compatible with a thermal melting mechanism.

Intrigued by the difference in the results we set out to study the problem, employing
our technique. Our technique offers advantages over both competing techniques because it
has a much better time resolution than the 500 fs of the electron diffraction data, while

offering broadband reflectivity information in contrast with the single color optical data.
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We found that the broadband reflectivity response of the material corroborates the thermal
mechanism explanation. Our data indicate that the phase transition is complete within
1.5-2 ps and not 500 fs as the previous optical study reported. It seems that aluminum
does not support a non-thermal melting mechanism, as is the case with other metals, due
to the increased scattering times which allow for fast heat transfer from the electrons to the
lattice.

Aluminum is not the only metal that offers intriguing questions about ultrafast
processes which need to be answered. Indicatively, we mention future studies on thin gold
films which can be performed with our technique. The existence of an athermal electronic
population for more than 500 fs in gold films after moderate laser excitation has been
an intriguing result, which renders the two-temperature model invalid. We would like to
measure and characterize the dielectric function of such an athermal system and observe the
pathway to thermalization. Furthermore, intense laser excitation of gold films is assumed to
generate acoustic phonons that bounce back and forth between the two surfaces of the films.
The study of the dielectric function of such films will reveal how the lattice deformation
caused by the acoustic phonons affects the Fermi level and whether Fermi level oscillations
are initiated by this process. The proposed experiments will provide a new probe of phonon

dynamics in metals.
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