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Chapter 1

Introduction

Transition metal oxides are oxides containing transition metals elements located in the
middle of the periodic table (V, Cu, etc.). Some of them have been used since antiquity as
pigments, because they often present strong optical absorptions in the visible part of the
spectrum, which lead to color. Additionally, they are rich in a variety of other physical
properties. They can be semiconductors (Cu2O), large gap insulators (V2O5), and even
superconductors (the high temperature superconducting cuprates and β−Na0.33V2O5 be-
come superconducting under high pressure). Many properties of the transition metal ox-
ides can be easily fine-tuned for instance through their chemical composition. Another
property of many transition metal oxides is their low dimensionality. Though structurally
three dimensional, some of the important physical properties may be considered as aris-
ing from electrons or spins interacting interacting in one or two dimensions only. One
example of such a compound, addressed in this thesis, is β−Na0.33V2O5 showing a quasi-
one-dimensional nature of its charge transport. In most transition metal oxides, the metal
atoms have a radial extent of the valence d orbitals, which is comparable with the inter-
atomic distances, though still small enough so that two valence electrons occupying the
same site experience a strong Coulomb interaction. Therefore the motion of the elec-
trons is usually strongly influenced by the presence of other electrons, i.e. the electronic
properties have a correlated nature. Not only the transition metal oxides show interesting
physical properties, but also many of the rare-earth oxides do so. In the magnetic semi-
conductor EuO considered in this thesis, the conducting properties and the magnetism,
though intimately related, are caused by different groups of electrons. The magnetism
comes from the strongly localized half-filled Eu f shells, while the itinerant electrons
originate from the rather broad s or d shells. If both localized and itinerant carriers co-
exist in the material, the exchange between these two well defined electronic subsystems
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10 Chapter 1. Introduction

may lead to striking physical properties. The mutual influence of the two electronic
subsystems leads, on the one hand, to a remarkable spin, temperature and carrier concen-
tration dependence of the quasiparticle band-structure of the itinerant electrons, and, on
the other hand, to an indirect coupling of the localized f spins.

Many metal oxides undergo a rich range of phase transitions at low temperatures.
For example β−Na0.33V2O5 undergoes not less than three phase transitions (a sodium
ordering transition at 240 K, a metal to insulator transition around 136 K and a mag-
netic ordering transition at 24 K), while EuO film only undergoes one (magnetic) phase
transition around 69 K. Many other examples of interesting physical properties of metal
oxides could be mentioned here. However, we will focus in this thesis on the following
three compounds: sodium vanadium pentoxide β−Na0.33V2O5 (Chapter 2), copper oxide
Cu2O (Chapter 4), and nearly stoichiometric EuO (Chapter 5).

The main goal of our work is to study phase transitions and low energy excitations in
d and f electronic systems. We are optically (or electrically) inducing most of the studied
low energy excitations and phase transitions, but some of them can take place without
optical excitation (being temperature induced for example).

In order to conduct these studies we have used three experimental methods: non-
linear transport experiments, terahertz time-domain spectroscopy (THz TDS), and pump-
probe spectroscopies (one or two color pump-probe and optical-pump terahetz-probe).
While the first one allows us to study the induced transport dynamics (including metal-
insulator transitions), i.e. the DC conductivity, the terahertz time-domain spectroscopy
technique provides a good insight into the low energy optical conductivity and its dy-
namics. The pump-probe techniques first induce an optical excitation of the system, after
which one can closely monitor the time evolution of the optically induced changes in the
material under study. An important part of the work was dedicated to design, construct
and characterize a terahertz time-domain spectrometer, with the possibility to perform
optical-pump terahertz-probe spectroscopy. This spectrometer is based on THz radiation
generation by optical rectification of strong laser pulses in nonlinear crystals and THz
detection using free space electrooptic sampling.

In the course of this thesis, a number of different transition metal oxides have been
studied using this mixture of experimental techniques in a systematic approach to study
low energy excitations and (induced) phase transitions:

Chapter 2 is dedicated to the non-linear transport in the quasi-one-dimensional charge
ordering compound sodium vanadate β−Na0.33V2O5. We discuss here the results of a
detailed study of the field and temperature dependent conductivity. Because the standard
transport models fail to describe the observed transport properties, we propose a new
transport model, which is found to be in good agreement with the experiments, and might
also be applicable to other (semi-conducting) charge ordering and/or charge density wave
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materials.
Chapter 3 starts with presenting the basic physical, electrodynamics and optical prin-

ciples which are employed in the design, construction and operation of a terahertz time-
domain spectrometer. Further, the construction and detailed characterization of the tera-
hertz spectrometer as well as the optical-pump terahertz-probe spectrometer is compre-
hensively explained. Finally, a complete methodology used to extract material properties
out of the measured terahertz pulses is presented.

In chapter 4 we employ the experimental set-up described in chapter 3 in an op-
tical investigation (including two color pump-probe and optical-pump terahertz-probe
experiments) of the semiconductor Cu2O. The study reveals surprising induced optical
properties of this compound, which hitherto are not very well understood. The possible
origin of these induced excitations are discussed in some detail.

Another optical-pump terahertz-probe investigation is presented in chapter 5. Here,
we are investigating the stoichiometry and possible metal-insulator transition of an EuO
thin film deposited on a MgO substrate. A second phase of the experiments is oriented
towards optically inducing a semiconductor to metal transition in the film at low temper-
atures.



12 Chapter 1. Introduction



Chapter 2

Nonlinear transport in
β−Na0.33V2O5

2.1 Introduction

There are many solid state materials which are one-dimensional and metallic at room
temperature. Due to the coupling of the electrons to the underlying lattice the metallic
state in these materials is usually not stable, leading to a phase transition into a charge
modulated state at low temperatures. The low temperature ground state of the coupled
electron-phonon system is characterized by a gap in the single-particle excitation spec-
trum, by collective modes formed by the electron-hole pairs, and by a deformation of
the lattice. Many of those compounds are inorganic (K0.3MoO3, NbSe3, TaS3) [1–3], but
these properties are found in organic compounds as well
((2.5(OCH3)2DCNQI)2Li, TTF-TCNQ) [4,5]. The best known type of this class of phase
transitions is the Peierls transition [6]. In this case the material develops the charge den-
sity modulation state at low temperature with a simultaneous deformation of the lattice,
and the opening of a gap in the quasiparticle excitation spectrum. As long as the charge
density modulation is pinned by lattice or impurities, these materials can be described as
narrow-band-gap semiconductors or even insulators. An exception to this rule is NbSe3,
which remains a semimetal at low temperature [7]. One of the more intriguing features
of low dimensional charge ordered materials are their nonlinear transport properties. In
the charge density modulation ground state they only exhibit ohmic conductivity below
a certain threshold applied electric field ET . Below this field, the charge density modula-
tion is pinned by lattice, impurities, defects, and grain boundaries and the conductivity is
solely due to a strongly temperature dependent quasiparticle transport. For fields above
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14 Chapter 2. Nonlinear transport in β−Na0.33V2O5

ET , the conductivity becomes strongly enhanced and nonlinear due to the contribution of
the now moving depinned charge density modulation [8–11]. In addition to the nonlinear
behavior, charge density modulated materials often show an alternating current response
to a static applied field. This latter may be either due to so called ratcheting of the charge
density modulation phase as observed in for instance NbSe3 [3], generally referred to
as narrow band noise, or due to macroscopic polarization oscillations as observed in for
instance blue bronze at low temperatures [12].

The recently revived interest in the vanadium bronze β−Na0.33V2O5 has been trig-
gered by the observation of a charge ordering transition [13], and sparked once more
by the observation of the pressure induced superconductivity [14] in this electronically
low dimensional material. The vanadium bronze β−Na0.33V2O5 has been the subject
of various structural studies during the last 40 years [15, 16]. At room temperature
β−Na0.33V2O5 is a highly anisotropic metal with a site occupancy disorder of the sodium
atoms. Around TNa = 240 K a second order phase transition occurs leading to an order-
ing of the sodium atoms and a doubling of the primitive cell along the b direction [27]. A
charge ordering transition, which is thought to be driven by the electron phonon coupling,
occurs at TMI = 136 K and is accompanied by a further tripling of the unit cell along the b
direction [17,27], leading to a commensurate charge modulated state with a period of 6b.
Temperature dependent measurements of the magnetic susceptibility revealed a magnetic
transition from a paramagnetic to an antiferromagnetic state at TAF = 22 K [13]. Fi-
nally, as mentioned above, β−Na0.33V2O5 becomes a superconductor for pressures above
8 GPa and low temperatures (8 K) as revealed by recent pressure dependent resistivity
measurements [14]. Optical conductivity data suggest that this system may be under-
stood in terms of a small polaron model, where the charge ordering in fact corresponds
to an ordering of the polarons [18, 19]. Since previous experiments strongly suggest that
β−Na0.33V2O5 is a low dimensional conductor with an electron-phonon interaction in-
duced charge ordering, this material should also show the usual nonlinear transport prop-
erties discussed above. Indeed the results presented in this chapter of the first detailed
measurements of the field dependence of conduction in the sodium bronze β−Na0.33V2O5

are fully consistent with this picture. The observed nonlinear transport properties are
well described using a classical domain model. The observed charge density modulation
conductivity increases with increasing temperature, suggesting a screening of the charge
density modulation pinning by the thermally excited carriers.

2.2 The structure and thermodynamical properties

The crystal structure of β−Na0.33V2O5 is shown in Fig. 2.1. For the sodium stoichiometry
x = 0.33, the unit cell is described by the formula NaV6O15. The six vanadium atoms are
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Figure 2.1: Room temperature structure of β−Na0.33V2O5. The available V sites are: V1

(dark octahedra), V2 (light octahedra) and V3 (light pyramids).

occupy three pairs of crystallographically distinct sites, labeled V1 (dark octahedra), V2

(light octahedra) and V3 (light pyramids). Na atoms occupy lattice positions which can be
represented as a ladder along the b axis. Nuclear Magnetic Resonance measurements [20]
reveal that the Na atoms are monovalent, donating their outer shell electrons to the V
atoms.

It is still not clear to which V atoms these Na electrons are donated. From mea-
surements of the nuclear quadropole effect [20] and anisotropic Knight shift on the V
site [21], it was reported that the majority of the Na donated electrons are stabilized on
dyz- orbitals of V1. A small fraction would be present on the V3 as well [20–22], the V2

remaining empty. Goodenough [23] argued in 1970, considering the V-O bond distances,
that the electrons should enter either the dyz orbital of the V1 atoms or the dzx orbital of
the V2 atoms, preferably the first one. The x, y, z axes in Fig. 2. are presented in agree-
ment with the choice of Goodenough [23]. He pointed out that the electron, if present
on the V1 site, would hope on the V3 site via the intermediary O atom, thus a small V3

site occupancy would be expected in this case. However, more recent measurements [24]
report that these electrons are shared among all three V chains above TMI = 136 K, and
that they condense either on the V1 or the V2 chain below TMI = 136 K. For x = 0.33 in
β−Na0.33V2O5 only half of the lattice sites forming the Na ladder is occupied. A possi-
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bility is that each rung of the Na ladder is occupied by one Na atom randomly distributed
between the lefthand and righthand side of the ladder. Obermeier [25] suggested that the
Na atoms may also form regular zigzag chains along the b axis, with a periodicity of 2b.
Perpendicular to the b axis these zigzag chains would be randomly distributed, therefore
the occupation probability for one site would be half on average.

The system undergoes three phase transitions below room temperature, as it is shown
in Fig. 2.2. and Fig. 2.3. Around TNa = 240 K a second order structural phase transition
takes place, when the unit cell doubles along the b direction, as revealed by X-ray diffrac-
tion [13]. It was reported [25] that this transition takes place in two steps: an anomaly
in the resistivity was observed at 240 K and a hysteretic phase transition at 222 K. In

Figure 2.2: Left side: Temperature dependence of the resistivity for β−Na0.33V2O5.
Right side: Temperature dependence of the magnetic susceptibility. Both
figures are reproduced from ref. [13] , with permission.

general it is agreed that the zig-zag pattern of Na atoms, present below TNa results in the
reported doubling of the unit cell. Going down in temperature, a transition from metal
above TMI = 136 K to insulator below TMI takes place, being accompanied by a tripling
of the unit cell along the b axis [26]. A magnetic ordering transition from paramagnetic
above TCAF = 22 K to canted anti-ferromagnet below TCAF [27, 28] is also present.

These transitions are evident from the measurements presented in Fig. 2.2. and Fig.
2.3. In the left side of Fig. 2.2. the resistivity data is reproduced from [13]. It shows the
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Figure 2.3: Left side: Temperature dependence of the heat capacity for the stoichiometric
and off-stoichiometric β−Na0.33V2O5samples from ref. [13]. Right side: Re-
sistivity temperature dependence measured along the b axis under different
pressure values reproduced from ref. [14], with permission.

one-dimensional behavior of β−Na0.33V2O5: there is a difference of two orders of mag-
nitude between the resistivity along the chain direction b and the resistivity perpendicular
to the chains. At TMI = 136 K the metal-insulator transition (MIT)occurs, above which
a metallic behavior is displayed. Above TNa = 240 K the resistivity along the b axis
presents a plateau. An interesting feature is that the metallic characteristics are vanish-
ing for doping away from x = 0.33 [13], and the MIT disappears as well (see Fig.2.3.).
In this regard, β−Na0.33V2O5 differs from the conventional MIT in 2 or 3 dimensions,
where the metallic phase occurs in a broad range of carrier densities above the critical
value. The strange doping dependence of β−Na0.33V2O5 might be due to the fact that the
potential created by the Na atoms strongly influences the electrons movement. Doping
away from x = 0.33 would create an empty or fully occupied rung of the Na ladder. This
would create a bigger disturbing potential for the electrons than the rung occupied with
exactly one Na atom, as is the case when x = 0.33. The righthand side of Fig.2.2. shows
the magnetic susceptibility of β−Na0.33V2O5. While the magnetic transition at Tmagn is
clearly visible, the other two transitions are hardly visible. Fig. 2.3. presents the other
important aspect of the β−Na0.33V2O5 samples. The MI transition is very sensitive to
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doping, as mentioned earlier. For a doping of x = 0.34 for example, the transition disap-
pears, and the sample becomes insulating at all temperatures [13]. At low temperatures
and under high pressure (8 GPa), β−Na0.33V2O5 becomes superconductor (see right half
of fig. 2.3).

2.3 Description of the experiment

Figure 2.4: Schematic representation of the four probe resistivity set-up.

Single crystals samples have been prepared as described elsewhere [27]. Platelets
with typical dimensions of 4 x 2 x 0.2 mm3 were mounted on the cold finger of a flow
cryostat and contacted using 50 µm diameter platinum wires. Four wires have been
fixed on the sample surface using silver paste, spaced 1 mm apart. Measurements were
performed along the b axis in a four probe configuration using a Keithley 236 source-
meter in a current driven mode.

The idea of four probe configuration is presented schematically in 2.4. The main ad-
vantage given by this configuration is the minimization of the contacts resistance influ-
ence over the measured resistance. Outer contacts are used for forcing a current through
the needle like sample, along the b chain direction. Inner contacts are used for the mea-
surement of the voltage drop between them, using a very high Ohmic measurement de-
vice, so that the current flowing through the inner contacts is nearly zero. Since the
contacts resistance contribution to the measured voltage drop is direct proportional with
the current passing through contacts, and this current is nearly zero, then the contacts
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influence over the measured voltage is also nearly zero.
The resistivity was calculated from the measured resistance and the geometry of the

sample. We measured the resistance of two different samples at different temperatures in
the temperature range 65 K - 300 K.

2.4 Temperature dependent transport

First we turn to the temperature dependence of the low-field ohmic resistance, of which a
typical example is shown in Fig.2.5 [29]. The strong increase of the resistivity below TMI

= 136 K clearly signals the charge ordering transition, consistent with results published in
literature. Note that also the sodium ordering transition at TNa = 240 K leads to a change
in the temperature dependence of the resistivity (see also inset Fig. 2.5.). The small
enhancement of the conductivity below TNa can be understood in terms of the decreased
amplitude of the spatial potential variations on the vanadium sites due to the ordering
of the sodium subsystem [18]. Although the resistivity at high temperatures (T > TMI)
is fairly small, as expected for a bad metal, it does not exhibit the metallic behavior
as observed previously [27]. The reason for this could be that the samples are slightly
misaligned. In this case the measured resistivity is a combination of the resistivity of the
metallic b-axis and the insulating perpendicular axes, leading to the observed temperature
dependence. X-ray diffraction experiments on the samples, however, have ruled out this
option in showing that to within a degree the samples are indeed b-oriented. A more
likely reason is that the sodium stoichiometry of the sample slightly deviates from x =

0.33, which is known to lead to a rapid loss of metallic behavior and eventually to the
disappearance of the metal-insulator transition [13]. Such deviations lead to an additional
disorder in the sodium site occupancy, which in turn leads to a more disordered potential
on the vanadium sites which make up the one-dimensional conduction chains [18]. Since
low dimensional systems are particularly susceptible to disorder, this may lead to a small
disorder induced gap and to the observed non-metallic behavior. An estimate for the
transport gaps above and below the charge ordering transition temperature is obtained
fitting a simple activated behavior, ρ = ρ0 exp(∆/kT ), to the data. Well within the charge
ordered phase (30 K ≤ T ≤ 80 K) we find ρ0 = 630 mΩcm and a gap ∆LT = 548 K. At
high temperatures (150 K ≤ T ≤ 300 K) we find ρ0 = 75 mΩcm and a gap ∆HT = 472 K.
Surprisingly, the transport gap in the charge ordered phase is only about 15% larger than
the one found for the high temperature phase. The major change is found in the prefactors
which differ by an order of magnitude. This is consistent with the expectation that the
majority of the charge carriers is frozen out by the charge ordering at TMI . In a similar
analysis Yamada et al. [13] found an activation energy corresponding to a temperature of
538 K, in good agreement with the present value. In previous work we found an optical
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Figure 2.5: Resistivity as a function of temperature in β−Na0.33V2O5. Inset: change in
conductivity near the sodium ordering transition at TNa ' 240 K.

gap of 2∆=2450 K [18]. Most likely, this optical gap corresponds to the energy needed
to free a quasiparticle from the charge ordered state. Clearly then, the transport gap must
have a different origin. The origin for this difference could be that the observed transport
gap is in fact a sodium disorder induced pseudo gap in the charge carrier spectrum, where
the charge carriers themselves are present due to an incomplete charge ordering, rather
then due to thermal excitation as is usually the case. This would be consistent with
the small difference in the transport gap values below and above the charge ordering
transition, as well as with the observed finite low frequency conductivity in the optical
data [18].

However, closer inspection of the low temperature conductivity shows that it does not
strictly follow an activated behavior. In particular, below 60 K there seems to be an en-
hancement of the conductivity, which presumably is due to the presence of an additional
conductivity channel. In a purely one-dimensional model, such an enhancement may
originate from the presence of mid-gap bound states of amplitude π-solitons and quasi-
particles, as described by Brazovskii [30]. Indeed, the low temperature conductivity is
better described by the empirical fromula

σ(T ) = σ0
QP exp(−∆QP/kT ) + σ0

S exp(−∆S /kT ). (2.1)

Here the first term on the right hand side accounts for the contribution of the quasipar-
ticles, whereas the second term takes the midgap state conductivity into account. In the
one-dimensional description, the midgap states are located halfway the quasiparticle gap,
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Figure 2.6: Temperature dependent conductivity (symbols, same data as in Fig. 2.5.)
together with a fit to an activated two particle behavior, Eq. (1) (dark line).
The gray line shows a fit of thermally activated quasiparticle transport to the
high temperature part of the data.

i.e. ∆S ≈ ∆QP/2. Fitting Eq. (2.1) to the data yields ∆QP = 995 K; ∆S = 487 K, and a
ratio σ0

QP/σ
0
S ∼ 0.4 × 103. Note that the quasiparticle gap obtained in this way be-

comes comparable to the gap found in optical experiments [18]. The conductivity ratio
shows that just below the phase transition quasiparticle transport dominates the conduc-
tivity, whereas the ’midgap’ contribution becomes important at lower temperatures only,
despite its smaller energy gap. Finally, we note that a similar analysis applied to blue
bronze, K0.3MoO3, data leads to similar conclusions. For both these cases, one can
worry whether a one-dimensional model is applicable at all. Indeed, the midgap states
described by Brazovski [30] require the existence of topological π-solitons which do not
exist in three dimensions. Therefore, the above analysis merely shows the presence of
additional excitations halfway the gap. Though in sodium vanadate, these might origi-
nate from the sodium disorder, one would not expect a similar disorder in blue bronze.
Therefore, the precise nature of the midgap states remains unresolved at present. One
interesting thought is that they might result from excitations inside domain walls which
separate the charge density modulation ordered regions in the samples.
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2.5 Field dependent transport

The charge density modulation in low dimensional systems is usually pinned by the un-
derlying lattice, by impurities or by structural defects. When the charge density modula-
tion is incommensurate with the underlying lattice, the main pinning centers are the im-
purities and other defects. In this case, the pinning might be considered relatively weak,
and the charge density modulation can fairly easily move in the material upon application
of an external electric field, leading to the typical non-linear charge density wave conduc-
tion. When the modulation is commensurate with the lattice, the pinning is considered
to be strong, usually much stronger than the impurity pinning, and the large pinning en-
ergy prevents conduction of the charge density modulation. The charge modulation in
β−Na0.33V2O5 is commensurate with the underlying lattice. Since the modulation period
is, however, rather large (6b) the commensurability pinning in this system is expected to
be relatively weak, opening the possibility of non-linear charge density wave conduction
in the charge ordered phase.

To study the nonlinear transport properties of single crystal β−Na0.33V2O5, current
driven field dependence measurements [31] were performed in the temperature range
65 K - 300 K. The obtained transport properties are very similar with those obtained in
CDW systems. A typical example of the conductivity measured along the b-axis at 65 K
is displayed in Fig. 2.7.
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Figure 2.7: Nonlinear field dependent conductivity in β−Na0.33V2O5 measured along the
b axis at 65 K displaying three charge density modulation transport regimes.

The behavior of the conductivity shows three regimes. Below 0.06 mV/cm (first
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threshold field) the conductivity is field-independent and mainly due to quasiparticle
transport. At about 0.06 mV/cm the conductivity shows a nonlinear increase resulting
from an incoherent contribution of the charge density wave to the conductivity. This be-
havior saturates around 4 mV/cm. Above the second threshold field at 30 mV/cm a steep
increase of the conductivity takes place signaling the onset of the coherent charge den-
sity modulation regime. Despite the strong increase of the conductivity, it never reaches
values comparable to the metallic state.

The values for the threshold fields are smaller than those found, for example in blue
bronze. Zawilski et al. [11] reported 40 mV/cm for the first threshold field and around
2000 mV/cm for the second threshold field in K0.3MoO3 at 60 K while Mihaly et al. [32]
found 40 mV/cm in K0.3−xNaxMoO3 around the same temperature. Fleming et al. [33]
found the first threshold field around 500 mV/cm in TaS3 and 90 mV/cm in K0.3MoO3

both measured at 60 K. In K0.3−xNaxMoO3 (x = 0, 0.02, 0.05, 0.1), at 77 K, Wang et al.
[34] reported values of (300, 670, 750, 950) mV/cm for the first threshold field at 180 K.
Beauchene et. all [35] reported similar values in Rb0.3MoO3. Küntscher et al. [36] found
in K0.3MoO3 and Rb0.3MoO3 values of 150 mV/cm for the first threshold field at 60 K
while van Loosdrecht et al. [10] found 200 mV/cm at the same temperature. Although the
values of the first threshold field for K0.3MoO3 show some variation, they are typically
in the 50-200 mV/cm range, i.e. substantially higher than the present values observed
for β−Na0.33V2O5. This is consistent with the notion that the temperature dependence of
the low field transport observed in β−Na0.33V2O5 is due to incomplete charge ordering
resulting from disorder in the sodium sublattice. The presence of charge carriers, even at
low temperatures, leads to screening of the pinning potential, and hence to a lowering of
the threshold field. In contrast, the presence of charge carriers in blue bronze is almost
entirely due to thermal quasiparticle excitations.

Figure 2.8 displays the electric field dependence of the conductivity along the b-axis
for a variety of temperatures between 65 K and 300 K. The nonlinear behavior is most
pronounced at low temperatures, and is slowly decreasing upon increasing the temper-
ature towards the transition temperature TMI . The first threshold field ET , i.e. the field
required to induce charge density modulation conductivity, is observed below TMI only.
As the temperature is reduced, the threshold fields increase, evidencing a strengthening
of the charge density modulation pinning. This is due to the reduction of the free carrier
concentration at lower temperatures, leading to a less effective screening of pinning cen-
ters. The second transport regime, the incoherent moving regime, shows an increasing
conductivity followed by saturation upon increasing field. Going up in temperature, the
field at which this saturation is reached increases, until around 90 K it merges with the
second threshold field.
Even above the charge ordering transition temperature, the nonlinear behavior has not
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Figure 2.8: Nonlinear conductivity along the b axis as a function of electric field in

β−Na0.33V2O5 measured from 65 K to 300 K (in 5 K steps between 65 K
- 125 K, 140 K - 230 K, and 250 K - 300 K; in 2 K steps in the transition
temperatures regions: 128 K - 146 K, and 236 K - 246 K).

entirely disappeared, although there are no clear threshold fields anymore. Nonlinear
conduction is still observed up to the sodium ordering temperature TNa = 240 K, con-
sistent with the disorder induced non-metallic behavior observed above TMI . Finally,
above 240 K a nearly field independent conductivity is observed. The temperature de-
pendencies of the first and second threshold fields are shown in Fig. 2.9. The open
symbols display the first threshold field, ET , obtained from the conductivity curves by
taking the values where the conductivity starts to increase. The lower part displays the
second threshold field, E∗T , obtained in a similar manner. Although there is a factor of
103 difference between the two threshold fields, the displayed behavior is qualitatively
the same: the threshold field strongly decreases with increasing temperature. With some
exceptions( for example K0.3MoO3 or TaS3 [37]) this type of behavior for in particular
the first threshold field is common for many of the known charge density wave systems.
At low temperature, when the number of quasiparticles is reduced, large electric fields
may build up around pinning centers and the value of E∗T is essentially determined by
the amount of disorder in the system. Going up in temperature, the thermally excited
quasiparticles tend to homogenize the electric field inside the sample. This effect is a
natural source for the redistribution of the driving fields inside the sample.

A variety of models have been proposed to describe the nonlinear conductivity ob-
served in charge density modulation materials, mostly based on the original suggestion of
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Figure 2.9: Temperature dependence of the threshold fields for T < TMI , obtained from
the conductivity data. Open symbols (left scale in µV cm−1): first threshold
field; Filled symbols (right scale in mV cm−1): second threshold field.

Fröhlich [38] that conductivity is dominated by sliding CDW transport. Between them,
there are two main approaches in describing the CDW conductivity [1, 9, 39]. The first
one, treats the CDW as a classical particle which is moving in a periodic potential, with
the period determined by the period of the CDW [40, 41]. This model gives a sharp
threshold field, ET for the onset of nonlinearity and a saturation of the conductivity for
high electric fields. The second model, proposed by Bardeen and referred to as the tun-
neling model [42], assumes that the nonlinear transport occurs as a result of coherent
tunneling of the CDW over macroscopic distances. Besides the threshold field, ET , the
model gives another characteristic field E0, which can be interpreted as a tunneling bar-
rier. The onset of the conductivity reveals a sharp threshold field and at high electric
fields the conductivity saturates. Both models rely on a T = 0 treatment of the problem,
though nonzero temperature models based on thermally assisted flux creep have been dis-
cussed as well [39,43]. The models described above fail to account for the charge density
modulation conductivity observed in β−Na0.33V2O5. Fukuyama, Lee and Rice [44, 45]
discussed the effect of the pinning centers on the charge-density-waves dynamics. They
focused on phase fluctuations and show that, when the material is characterized by weak
pinning, the system can be though to break up into domains. Here, we integrate this no-
tion in a simple phenomenological model describing the observed nonlinear transport in
β−Na0.33V2O5, by treating the sample as a collection of interconnected domains. Each
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domain is characterized by its own conductivity and threshold field so that the sample
can be considered as a collection of nonlinear conduction paths, connected in parallel
and in series. At low applied fields (smaller thenET ), excited quasiparticles dominate the
conductivity of a single domain, leading to the strongly temperature dependent ohmic
behavior. All charge density modulation domains are pinned by lattice and defects and
will not start moving until the applied field exceeds a certain critical field. At higher
applied fields, some domains start to become depinned, leading to an additional charge
density modulation contribution to the conductivity. The charge density modulation still
cannot move as a whole due to the domain structure resulting from grain boundaries and
strong pinning centers. The sample is now in the incoherent moving regime. Finally
for applied fields exceeding a second critical field, the charge density modulation may
move as a whole (or at least a percolation path exists between the contacts), and the
conductivity becomes completely dominated by the moving charge density modulation
transport. Within this model, the second critical field is then a percolation threshold and
the transport regime above this field is dubbed coherent moving regime.

The model sketched above can be made more quantitative by specifying a model
for the charge density modulation conductivity itself. Here we take one of the simplest
approaches, and describe the charge density modulation within a domain as a charged
particle moving due to an applied field E in a viscous medium [1]. The charge density
modulation conductivity is then given by.

σcdm(E) = σc
E − ET

E
θ(E − ET ) , (2.2)

where the Heaviside function θ(E−ET ) assures that the equation is also valid for E < ET .
In the incoherent moving regime the conductivity can then be modeled as a collection of
interconnected charge density modulation domains, shunted by the free carrier conduc-
tivity. In general, this is still a complex system, the solution towhich would require de-
tailed knowledge of domain properties and their connectivity. Here we will take a more
qualitative and statistical approach, and model the charge density modulation system as a
statistically large number of interconnected domains. The conductivity of this network of
domains together with the free carrier conductivity will then yield the total conductivity.
The network can be considered as a collection of parallel and series conduction paths.
For the series connected domains of a single conduction path, the conductivity will have
the same form as Eq. (2.2), but with an effective threshold field ÊT =

∑
i Ei

T and effective

conductivity σ̂c =
(∑

i (σi
c)−1

)−1
. The total charge density modulation conductivity is

then given by

σcdm(E) =
∑

j

σ̂
j
c

E − Ê j
T

E
θ(E − Ê j

T ) , (2.3)
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where j runs over the parallel conduction pathways, each having their own effective
threshold field Ê j

T and effective conductivity σ̂ j
c. If there are a large number of conduc-

tion paths, the above summation can be replaced by an integration, from zero to infinity,
weighted by the statistical distribution of threshold fields and conductivities. For sim-
plicity, we assume a lorentzian distribution of width γ, centered at E0

T for the threshold
fields, and a constant effective conductivityσ j

c = σ̂c for each path. The total conductivity,
including the free carrier contribution, σ0, can then be equated as

σ(ε) = σ0 + σ̂c

2ε(arctan(ε) + arctan(ε0)) − ln( 1+ε2

1+ε2
0
)

(ε + ε0)(π + 2 arctan(ε0))
, (2.4)

with ε0 = Ê0
T /γ, ε = (E− Ê0

T )/γ. In the limit γ/Ê0
T � 1, which is valid for the present

experiment, the total conductivity becomes:

σ(ε) = σ0 + σ̂c
2ε arctan(ε) − ln(1 + ε2)

επ
, (2.5)

where ε = E/γ
In the derivation of Eq. (2.5) quite a few assumptions have been made. The most

important one is that domains are formed in the charge density modulation material,
within which the charge density modulation transport is coherent. This is mainly based
on the observation of the slow onset of the moving conductivity in β−Na0.33V2O5 (see
Fig. 2.7. and Fig. 2.8.) as well as in for instance K0.3MoO3 [10]. The assumption of
parallel paths of series resistors is pretty robust; allowing for connectivity between these
paths would only lead to additional parallel pathways for conduction. Of course, there is
nothing known on the statistical distribution of domain properties. Taking a symmetric
lorentzian (or gaussian) distribution simply makes the integration over domains tractable.
Taking an asymmetric distribution would be more physical. Also typical domain sizes are
not known. X-ray diffraction measurements [26], however, have shown that the width of
the superstructure peaks originating from charge ordering is comparable to the sharpness
of the fundamental peaks, thereby setting a lower limit of the domain sizes to ∼100 nm.
Finally, we did not allow for a distribution of effective conductivities for the conduction
paths. Numerical simulations taking lorentzian distributions σ̂ j

c have shown, however,
that the shape of the field dependent conductivity does not strongly depend on this.

We now return to the data in Fig. 2.8. We have fitted Eq. (2.5) to the field dependent
conductivities, measured at different temperatures between 65 K and 136 K. Note that
the only free parameters in the fits are the width of the distribution γ, and the charge
density modulation conductivity σ̂c, since the normal conductivity, σ0, can be obtained
directly from the low field data. At low temperatures, a good approximation of σ̂c can
be made using the field dependent conductivity data taking the conductivity difference
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between the ohmic regime and the saturation regime. The only remaining fit parameter
in this situation is the width of the lorentzian distribution, γ. The fits generally show a
good agreement with the data, and some typical results of the fitting are shown in Fig.
2.10.
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Figure 2.10: Fits of the domain model, Eq. (2.5) (solid lines), to the nonlinear transport
data (open symbols) at 65 K, 70 K and 75 K.

The temperature dependence of the threshold field distribution width, γ, obtained
from the fits is displayed in Fig. 2.11.

At low temperature, the width increases with increasing temperature. It shows a pro-
nounced peak at 80 K, after which it starts to decrease becoming very small in the region
of the MI transition. The decrease with increasing temperature observed above 80 K
is what one might intuitively expect; the enhanced screening will decrease the typical
domain threshold fields, thereby decreasing γ. Apart from the decrease of the average
pinning potential, there will also be changes in the statistical distribution as the temper-
ature is lowered. At low temperatures one expects that there will be a larger number of
domains with a relatively small pinning potential, reducing the distribution width. There-
fore we believe that the increase of the width observed in the low temperature results from
a competition of enhanced screening and the formation of larger, more strongly pinned,
domains due to the coalescence of small, weakly pinned, domains as the temperature
increases.

Figure 2.12 shows the temperature dependence of the effective charge density mod-
ulation conductivity, σ̂c, and the low field ohmic conductivity, σ0. The moving charge
density modulation conductivity is found to be almost an order of magnitude larger than
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Figure 2.11: Temperature dependence of the width γ of the lorentzian threshold field
distribution obtained from fits of the data in Fig. 2.8. to the domain model,
Eq. (2.5).

the quasiparticle contribution. The small kink in the charge density modulation contri-
bution around 90 K, probably again results from the competition between screening and
coalescence. The temperature dependence of both contributions show a similar activated
behavior. For the quasiparticles this has already been discussed in section 2.4. The usual
interpretation of the activated behavior of the moving density modulation contribution is
in terms of thermally activated flux creep [43], similar to the flux creep of the Abrikosov
flux lattice in superconductors [46]. From fits to an activated behavior we estimate the
low temperature (T < 90 K) activation energies for the quasiparticle and the moving
density modulation contributions to be 740 K and 805 K, respectively. For the ohmic
contribution, this is in good agreement with the earlier results (Sec. 2.4).

The model described above gives a phenomenological understanding of the ohmic
and incoherent transport regimes. It does not, however, describe the coherent transport
regime, where a sharp rise in conductivity takes place. The appearance of this second
threshold field can be understood as follows. As the field increases, more and more local
pinning potentials will be overcome, increasing the number of domains which contribute
to the conductivity. Eventually this will lead to the formation of a percolation path be-
tween the contacts. We thus propose that the second threshold is in fact a percolation
threshold. For fields bigger than the second threshold field, E∗T , the CDW will then co-
herently move along such percolation paths, leading to the sharp rise in conductivity.
This leads to an additional contribution to the conductivity of the form of Eq. (2.4), so
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Figure 2.12: Temperature dependence of the effective charge density modulation con-
ductivity, σ̂c (open symbols), and the low field ohmic conductivity σ0 (filled
symbols), obtained from fits of the data in Fig. 2.8. to the domain model,
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that the total conductivity now becomes

σ(ε) = σ0 + σ̂c
2ε arctan(ε) − ln(1 + ε2)

επ
+ σ̂p

2εp(arctan(εp) + arctan(ε0p)) − ln(
1+ε2

p

1+ε2
0p

)

(εp + ε0p)(π + 2 arctan(ε0c))
(2.6)

where εp = (E−E∗T )/γp, and ε0p = E∗T /γp. γp and σ̂p are the width of the distribution
and the percolation charge density modulation conductivity, respectively. We have fitted
this last equation to the low temperature (T < 90 K) field dependent conductivities and
some typical results of the fitting are shown in Fig. 2.13.

Clearly the data follows Eq. (2.6) quite well. The temperature dependence of the
upper threshold field (see inset Fig. 2.13.) closely follows the results presented in Fig.
2.9. The reason for the sharp decrease of the percolation threshold field upon increasing
temperature is the same as for the incoherent moving threshold, as has been discussed in
section 2.4, namely the increased screening of impurities upon increasing temperature.
Finally, we note that the fitting is fairly insensitive to the distribution width as long as
γp << E∗T , as expected for a percolation threshold.
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Figure 2.13: Fits of the domain-percolation model, Eq. (2.3) (solid lines) to the nonlinear
transport data (open symbols) at 65 K, 70 K and 75 K. The inset shows the
behavior of the percolation threshold with temperature.

2.6 Conclusions

We presented detailed nonlinear transport experiments on β−Na0.33V2O5 in the temper-
ature range 65 K - 300 K. The low field data in the charge ordered phase show that two
types of excitations contribute to the transport. The charge density modulation quasipar-
ticle gap is found to be about 700-800 K, and likely depends on the sodium stoichiometry.
Evidence for a second type of excitation, with a gap of ∼ 500 K, has been presented, al-
though the exact origin of this excitation remains unclear at present. It might be either a
bound state of collective charge density modulation excitations like the phason, or pos-
sibly an excitation within the domain walls between ordered charge density modulation
domains. A competing model for the thermally activated low field charge transport in a
low dimensional system in the presence of disorder is the variable range hopping (VRH)
model [47,48]. Analyzing the low temperature data in terms of VRH conductivity indeed
leads to a reasonable agreement with this model as well, again with deviations at temper-
atures below 50 K. Since the present data can not distinguish between these models we
adapted the most widely used model here as well.

The field dependent data clearly show the charge density modulation nature of the
insulating phase, and is very similar to the transport in other well known charge density
modulation materials like K0.3MoO3. The phenomenological domain model for nonlin-
ear transport in charge density modulation materials presented here is found to be in good
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agreement with the experiments, and we believe that this model should be applicable to
other semi-conducting charge ordered materials as well. The model could be improved
by taking a more realistic model for the statistical distribution of domain properties, the
single domain transport, and by allowing for field dependent domain properties. In partic-
ular the pinning fields are expected to be field dependent, since at high moving velocities
the charge density modulation excitations may excite quasiparticle excitations resulting
from charge density friction. Finally, we believe that in low free carrier density (i.e.
semiconducting) compounds like β−Na0.33V2O5 and K0.3MoO3 much of the tempera-
ture dependence of the transport properties, including the observed decrease of threshold
fields upon raising temperature, can be understood in terms of enhanced screening of
pinning centers by thermally excited charge carriers.

The work presented in this chapter has been published in:
Nonlinear transport in β−Na0.33V2O5, S. Sirbu, T. Yamauchi, Y. Ueda and P. H. M. van
Loosdrecht, Eur. Phys. J. B 53, 289 (2006), and: Nonlinear transport in β−Na0.33V2O5,
S. Sirbu, T. Yamauchi, Y. Ueda and P. H. M. van Loosdrecht, J. Phys. IV France, 131
(2005).
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Chapter 3

Terahertz Time-Domain
Spectroscopy

3.1 Principles of Terahertz Time-Domain Spectroscopy

In this section we will depict the fundamental physics involved in generation and de-
tection of short-lived transients in nonlinear optical crystals, which is one of the main
concepts of this Thesis.

We will start from the Maxwell equations for vacuum and for media and arrive at
the wave equation. Finding the solution for the wave equation will give us an important
result: the far-field temporal shape of an electromagnetic transient induced by two time-
varying sources - polarization and conduction current.

In a second step we will investigate the linear and nonlinear contributions to the op-
tically - induced polarization, and discuss two very important effects in nonlinear optics:
optical rectification and second harmonic generation. Optical rectification of ultrashort
laser pulses in nonlinear crystals will be employed in this work to generate the THz
electromagnetic transients.

Finally, we will describe the linear electrooptic effect in nonlinear crystals, and the
phase retardation of the incident optical electromagnetic wave induced by it. This effect
will be used in the detection of THz transients by means of the time-resolved optical
probing of the electrooptic effect induced by the THz electric field in the nonlinear crys-
tal.

37
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3.1.1 Maxwell’s equations. Wave equation and its solution in the far
field

Electromagnetic phenomena obey Maxwell’s equations. Throughout this section char-
acters written in bold represent vectors, while characters not written in bold represent
scalars. In vacuum they can be written in the form

∇ · E =
ρ

ε0
, (3.1)

∇ × E = −
∂B
∂t
, (3.2)

∇ · B = 0, (3.3)

∇ × B = µ0ε0
∂E
∂t

+ µ0J, (3.4)

where E is the electric field strength, B the magnetic induction, J the current density, ρ
the charge density, µ0 is the magnetic permeability of vacuum, ε0 electric permittivity
of vacuum, and t the time. µ0 and ε0 can be related to the speed of light in vacuum, c,
through the relation c =

√
µ0ε0

−1. E, B, and J are vectors. Taking the time derivative of
eq. (3.1) and the divergence of eq. (3.4) one can obtain the continuity equation

∂ρ

∂t
= −∇ · J (3.5)

In a certain medium, the charge density ρ can be written as a sum of the external charged
density ρext), and the polarization charge density ρpol, ρ=ρext + ρpol. ρpol can be related
to the polarization density P through

ρpol = −∇ · P (3.6)

The sum of the conduction Jcond and displacement Jdisp current densities give the total
current J = Jcond + Jdisp. The displacement current Jdisp is related to the polarization
density P by

Jdisp =
∂P
∂t

(3.7)

The material related parameters are the electric displacement D and magnetic field strength
H, which for a linear isotropic nonmagnetic dielectric are given by

D = εE = ε0E + P = ε0(1 + χ)E (3.8)

H =
B
µ0

(3.9)
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where ε stands for the dielectric function and χ is the dielectric susceptibility. Then, the
polarization density can be expressed by the following relation

P = (ε − 1)ε0E = ε0χE (3.10)

Taking into account the material parameters and eqs. (3.5) to (3.9), Maxwell’s equations
can be rewritten as

∇ · D = ρext, (3.11)

∇ × E = −
∂B
∂t
, (3.12)

∇ · B = 0, (3.13)

∇ ×H = Jcond + ε0
∂D
∂t

(3.14)

Equations (3.11) until (3.14) are called material Maxwell’s equations. The interesting
parameters in these equations are the conduction current Jcond and the polarization P
which is included into the displacement D. These parameters are describing the response
of the medium to the electromagnetic field. In the absence of free charges, Maxwell’s
material equations can be combined into a single equation

∇2E −
1
c2

∂2E
∂t2 = µ0

(
∂Jcond

∂t
+
∂2P
∂t2

)
(3.15)

which describes the propagation of an electromagnetic wave, therefore being called the
wave equation. Our interest is to find out the far-field on-axis solution of the wave equa-
tion (3.15), which will express the electromagnetic signal on an axis normal to a slab of
material and at a substantial distance, emitted by the slab of material with a time-varying
spatially uniform conduction current Jcond and/or polarization density P. This solution
has been calculated by different authors [1, 2] and has the form

Erad(t) ≈ −
µ0

4π
S
z

(
∂Jcond

∂t
+
∂2P
∂t2

)
(3.16)

where S is the emitting area, and z stands for the distance between the emitter surface and
the detection point. This solution allows to reconstruct the polarization and the carrier
dynamics in an electromagnetic signal emitter, making the assumption that the radiated
field is properly detected.

3.1.2 Linear and nonlinear contributions to polarization

Considering eq. (3.10) in the linear case, the polarization P can be expressed in the form

P(r, t) =

∫ +∞

−∞

χ(1)(r − r′, t − t′)E(r′, t′)dr′dt′ (3.17)
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where χ(1) is linear susceptibility and a 2nd rank tensor. Considering the electric field a
monochromatic plane wave

E(r, t) = E(k, ω) = E0(k, ω)exp(ikr − iωt) (3.18)

where r is the coordinate, k is the wavevector, ω the angular frequency, and E0 is
electric field amplitude. Defining the Fourier transform χ(1)(k, ω) =

∫
χ(1)(r − r′, t −

t′)eikr′−iωt′dr′dt′, the k and ω dependent polarization can be written as

P(r, t) = P(k, ω) = χ(1)(k, ω)E0(k, ω) (3.19)

and the dielectric function

ε(k, ω) = 1 +
χ(1)(k, ω)

ε0
(3.20)

In the nonlinear case the polarization can be expanded into a powers series of E as fol-
lowing

P(r, t) =

∫ +∞

−∞

χ(1)(r − r′, t − t′)E(r′, t′)dr′dt′+∫ +∞

−∞

χ(2)(r − r1, t − t1; r − r2, t − t2)

× E(r1, t1)E(r2t2)dr1dt1dr2dt2 + ....

(3.21)

where χ(i) stands for the i-th order nonlinear susceptibility and is a tensor of (1+i)th rank.
Now the k and ω dependent polarization can be written as

P(k, ω) = P(1)(k, ω) + P(2)(k, ω) + P(3)(k, ω) + ..... (3.22)

with

P(1)(k, ω) = χ(1)(k, ω)E(k, ω)

P(2)(k, ω) = χ(2)(k = ki + k j, ω = ωi + ω j)E(ki, ωi)E(k jω j)

P(3)(k, ω) = χ(3)(k = ki + k j + kk, ω = ωi + ω j + ωk) × E(ki, ωi)E(k j, ω j)E(kk, ωk)
(3.23)

The last equation shows clearly that nonlinear susceptibilities of the order higher then 1
provide mixing frequencies of the different monochromatic waves, if their wavevectors
match (phase matching). Keeping the phase matching in mind we can express equations
(3.23) in the conventional tensor form:

P(1)
i (ω) = χ(1)

i j (ω)E j(ω)

P(2)
i (ω = ω j + ωk) = χ(2)

i jk(ω,ω j, ωk)E j(ω j)Ek(ωk)

P(3)
i (ω = ω j + ωk + ωl) = χ(3)

i jkl(ω,ω j, ωk, ωl)E j(ω j)Ek(ωk)El(ωl)

(3.24)
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An estimation for the ratio of two successive polarization terms of the series eq. (3.22)
gives ∣∣∣∣∣∣P(n+1)

P(n)

∣∣∣∣∣∣ =

∣∣∣∣∣∣χ(n+1)E
χ(n)

∣∣∣∣∣∣ (3.25)

Thus, one usually expects that the lower-order contribution to the nonlinear polarization
will be much stronger than the high-order ones. However the tensor χ(n) is also strongly
dependent on the symmetry of the medium. In materials with inversion symmetry, for ex-
ample one has χ(2n)=0, with n=1,2,3...., and therefore the nonlinear polarization contains
only odd-order terms in this case. A medium with inversion symmetry contains a regular
lattice of sites such that inversion (the replacing of each atom at coordinate ~r, relative to
the point, with the one with -~r) leaves the crystal structure unchanged [4]. Let’s induce
now the even-number higher-order polarization P(2n)

~r = χ(2n)E(2n) in this medium along
the direction ~r. Inversion symmetry implies that the polarization P(2n)

−~r = χ(2n)E(2n) along
the −~r direction should be equal in its absolute value with P(2n)

~r but have an opposite
sign. Given the even power of the electric field, this is only possible if χ(2n) = 0. In the
non-centrosymetric materials the even order processes are symmetry allowed.

3.1.3 Optical rectification and second harmonic generation

In the following field we will focus on the 2nd order nonlinear polarization induced
by an optical excitation. Two electromagnetic plane waves, E1(t)=A1(t)cos (ω1t) and
E2(t)=A2(t)cos (ω2t) are incident on a material. A1,2(t) are the wave envelopes and ω1,2

are the carrier frequencies. The second order nonlinear polarization P(2) (see eq. (3.24))
can be represented as

P(2)(ω = ω1 ± ω2) = χ(2)
i jk(ω)A1(t)A2(t) cos(ω1t) cos(ω2t) =

1
2
χ(2)

i jk(ω)A1(t)A2(t)(cos[(ω1 − ω2)t] + cos[(ω1 + ω2)t])

= P(2)
∆

(ω) + P(2)∑ (ω)

(3.26)

P(2)(ω) is now a sum of two terms: P(2)
∆

(ω) containing the difference frequencies and
P(2)∑ (ω) containing the sum frequencies. If the two incident electromagnetic waves are
identical, i.e. A1=A2=A and ω1 =ω2 =ω, then the last equation becomes

P(2)(2ω = ω + ω) =
1
2
χ(2)

i jk(2ω)A2(t) +
1
2
χ(2)

i jk(2ω)A2(t) cos(2ωt) = P(2)
∆

(0) + P(2)∑ (2ω)
(3.27)

The result consists of two nonzero polarization terms, both dependent on the electric field
amplitude. P(2)

∆
(0) is completely independent of the carrier frequency and describes the
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effect called optical rectification. P(2)∑ (2ω) contains oscillations at the doubled carrier fre-
quency, and describes an effect called second harmonic generation (SHG). The carrier-
frequency-independent second order polarization term P(2)

∆
is directly proportional with

the incident wave intensity. When A(t)=const, i.e. the electromagnetic wave is unmod-
ulated, the optical rectification effect will result in a permanent polarization inside the
medium.

In the case of a pulsed electromagnetic wave, the term P(2)
∆

will be time-dependent
and according to the wave equation (3.15) will result in electromagnetic radiation with the
far-field time-varying electric field strength given by eq. (3.16) with J = 0. In our work
we will use this property to generate THz electromagnetic signals in nonlinear optical
crystals. One should be aware of the fact that not all nonlinear optical crystals have both
good SHG and optical rectification efficiencies. The copropagation of the carrier, second
harmonic and optically rectified signals, requires a good phase matching over a very wide
frequency range over a considerable optical path inside the crystal, which is not the case
for most dielectrics. In general the crystals with a high optical rectification efficiency
have very small SHG efficiency and vice versa.

3.1.4 Linear electrooptic effect and phase retardation

When a low-frequency, Ω , or a dc electric field E0(ω ≈ 0) is applied to a medium, the
optical dielectric constant of the medium ε(ω,E0) may depend on the amplitude of the
applied field E0. When the applied field has a small amplitude ε(ω,E0) can be expressed
as a power series of E0 [5]:

ε(ω, E0) = ε(1) + ε(2)(ω + Ω)E0 + ε(3)(ω + 2Ω)E0E0 + ... (3.28)

Since D = ε0 E + P and the polarization can be written as P = χ(1)E + χ(2)E2 + ...., the
nonlinear terms of optical dielectric constant will became

ε(2)(ω + Ω) =
1
ε0
χ(2)(ω + Ω)

ε(3)(ω + 2Ω) =
1
ε0
χ(3)(ω + 2Ω)

........

(3.29)

A medium with no inversion symmetry will have an electrooptic effect dominated by the
linear term ε(2)E0. This effect is known as the linear electrooptic effect or the Pockels
effect. The quadratic electric field term χ(3)E0E0 will exist in any medium and it is called
the Kerr effect.

Let’s consider the linear electrooptic effect in a crystal. The refractive index ellipsoid
describes the spatial dispersion of the crystal refractive index n =

√
ε without an applied



3.1. Principles of Terahertz Time-Domain Spectroscopy 43

electric field.
x2

n2
x

+
y2

n2
y

+
z2

n2
z

= 1, (3.30)

x, y, z are the principal dielectric axes, i.e. the axes along which D and P are collinear.
In the presence of an external electric field E0(x, y, z) the dielectric tensor changes

leading to a difference in refractive index. The external field will induce a birefringence
in the crystal where the propagating electromagnetic waves polarized along and perpen-
dicularly to the applied field experience an altered refractive index.

Changes in the constants 1/n2
x, 1/n

2
y , 1/n

2
z of the refractive index will reflect the effect

of the applied field on the refractive index ellipsoid. Using the same conventions as in [4]
the deformed refractive index ellipsoid reads out(

1
n2

)
1
x2 +

(
1
n2

)
2
y2 +

(
1
n2

)
3
z2 + 2

(
1
n2

)
4
yz + 2

(
1
n2

)
5
xz + 2

(
1
n2

)
6
xy = 1 (3.31)

Choosing the axes x, y, z parallel to the crystal principal dielectric axes, then without an
applied electric field eq. (3.31) will reduce to eq. (3.30) and(

1
n2

)
1

∣∣∣∣∣∣
E0=0

=
1
n2

x
;
(

1
n2

)
2

∣∣∣∣∣∣
E0=0

=
1
n2

y
;
(

1
n2

)
3

∣∣∣∣∣∣
E0=0

=
1
n2

z
(3.32)

and the mixed terms are( 1
n2

)
4

∣∣∣∣∣∣
E0=0

=

(
1
n2

)
5

∣∣∣∣∣∣
E0=0

=

(
1
n2

)
6

∣∣∣∣
E0=0

= 0 (3.33)

The linear changes in the coefficients
(

1
n2

)
i
, with i= 1...6, induced by the applied

electric field E0(Ex, Ey, Ez) are expressed by

∆

(
1
n2

)
i

= Σ3
j−1ri jE j (3.34)

where i runs from 1 to 6, and j from 1 to 3 and denotes the projections of the applied field
E0 on the axes x,y,z. The last equation expressed in the matrix form will read:∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

∆
(

1
n2

)
1

∆
(

1
n2

)
2

∆
(

1
n2

)
3

∆
(

1
n2

)
4

∆
(

1
n2

)
5

∆
(

1
n2

)
6

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
=

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

r11 r12 r13

r21 r22 r23

r31 r32 r33

r41 r42 r43

r51 r52 r53

r61 r62 r63

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣∣
E1

E2

E3

∣∣∣∣∣∣∣∣∣
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The tensor ri j is called the electrooptic tensor and strongly depends on the internal
symmetry of the material. In centrosymmetric materials, where the second order nonlin-
ear susceptibility χ(2) = 0, all the elements ri j = 0.

For the ZnTe crystals used in this work, which have cubic symmetry, 4̄3m, the elec-
troopic tensor is [4]: ∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

0 0 0
0 0 0
0 0 0

r41 0 0
0 r41 0
0 0 r41

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
In order to calculate how an electromagnetic wave changes by propagation through

an electrooptic material in the presence of an applied electric field, a transformation of
the deformed refractive index ellipsoid eq. (3.31) to the principal axes of the original
ellipsoid eq. (3.30) is necessary. The deformed refractive index ellipsoid equation will
not contain mixed terms. The original indices nx, ny, nz |E0=0 will depend on nx, ny, nz |E0 ,
E1, E2, E3, and the components of the electrooptic tensor ri j. After this transformation,
the principal axes of the deformed index ellipsoid nx, ny, nz |E0 in general do not coincide
with the principal axes of the original index ellipsoid nx, ny, nz |E0=0.

( 1 1 0 )

< 1 1 0 >

y

x

z  =  z 0

E o p tE 0

x 0y 0

d

4 5 0

( 1 1 0 )

< 1 1 0 >

y

x

z  =  z 0

E o p tE 0

x 0y 0

d

4 5 0

Figure 3.1: Orientation of the principal axes of the original (x0, y0, z0) and the deformed
(x,y,z) index ellipsoid due to the linear electrooptic effect in <110> ZnTe
crystal. E0 is applied along z = z0 axis. Eopt indicates the polarization plane
of an incident plane wave.

In the following we will investigate how the refractive index changes in an <110>
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- oriented ZnTe crystal of thickness d. In the absence of an external applied field the
refractive indices nx,y,z = n0 are equal in all three directions x0, y0 and z0. If the electric
field E0 is oriented parallel to the z0 crystal axis, then the deformed index ellipsoid as it
follows from (eq. (3.30) and eq. (3.34)) will have the form

x2

n2
0

+
y2

n2
0

+
z2

n2
0

+ 2r41E0xy = 1 (3.35)

The applied electric field results in no change of z = z0 axis and in a rotation with 450 of
the x and y axes around z. The refractive index along the new axes are

nx ≈ n0 +
1
2

n3
0r41E0

ny ≈ n0 −
1
2

n3
0r41E0

nz = n0

(3.36)

Let us now send a plane electromagnetic wave normal to the crystal surface and polarized
at 450 with respect to the z axis (its polarization is marked Eopt in fig. 3.1). Because
the polarization of the electromagnetic wave has 0 projection on the y axis, it will only
interact with with the x and z components of the refractive index nx and nz, which are
different from each other. The incident electromagnetic wave will thus experience a
phase retardation, because its x and z components will now propagate through the crystal
with different velocities. The total phase difference between these two components will
be

∆φ =
ω(nx − nz)d

c
=

1
2
ωn3

0r41E0d
c

(3.37)

where ω is the angular frequency of the incident electromagnetic wave. The phase retar-
dation in nonlinear crystals induced by low-frequency electric fields is one of the most
commonly used methods for the detection of the THz transients. This is done by time-
resolved sampling of the phase retardation of an ultrashort optical probe laser pulse,
induced by the electric field in the incident THz transient.

3.2 Design and characterization of the Terahertz Time-
Domain Spectrometer

3.2.1 Generation of picosecond Terahertz pulses

Since the emergence of Terahertz Spectroscopy, in the middle of 80’s, there has been a
continuous search for new materials with efficient emission of terahertz radiation. A mul-
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titude of new materials used for THz generation have been discovered, some of them be-
ing able to generate THz radiation with higher bandwidth. As a result, today, a multitude
of methods and materials are used for the generation of THz pulses. Between them, the
use of photoconductive antenna’s based on low-temperature-grown GaAs and Si-GaAs
is the oldest method for generating and detecting THz pulses [6–8]. THz radiation can
result also from transient conductivity which is based on high-intensity ultrashort laser
pulses exciting the surface of an unbiased semiconductor [12]. Synchrotrons and free
electron lasers can generate short pulses of far-infrared radiation, typically on the order
of 5 -10 ps. It has been shown that laser-generated plasmas can produce radiation up to
4 THz [14, 15]. More recently, there have been notable developments in using a single
structure for transmitter and receiver, named transceiver and based on electrooptic crys-
tals [16]. In this case, the electrooptic terahertz transceiver alternately transmits pulsed
electromagnetic radiation (optical rectification) and receives the return signal (electroop-
tic effect) using the same crystal.

Still, probably the most popular choice for THz pulse generation, when working with
amplified lasers, is to employ optical rectification in a nonlinear medium. The nonlin-
ear medium is in most of the cases ZnTe but GaAs and GaP have been used as well. It
has been shown that organic molecular crystals like DAST [18] and MBANP [19] are
also capable of generating THz pulses by optical rectification. They are more efficient
than ZnTe crystals of the same thickness, but have not yet found widespread use. In
our spectrometer we create THz pulses by optical rectification in a 1 mm thick <110>
oriented ZnTe crystal. The generation process is based on an amplified Ti:sapphire laser
which provides pulses at 1 KHz repetition rate, with 150 fs pulse duration, and 800 nm
wavelength. ZnTe is one of the most popular THz emitters used with near-infrared laser
sources since being a wide bandgap semiconductor (Eg(ZnTe) = 2.28 eV) it is basi-
cally transparent at the laser pump wavelength, but shows good nonlinear properties. At
800 nm it has both large 2nd order nonlinear susceptibility χ(2) = 1.6 ·10−7 esu [29] and
electrooptic coefficient r41 = 4.04 pm/V [20].

The optical rectification process can be understood as the difference frequency ana-
logue of second harmonic generation. In other words, when light interacts with a nonlin-
ear medium and wave mixing between two frequencies, ω1 and ω2 occurs, the result is
sum-frequency generation, ω1 +ω2, and difference frequency generation, ω1−ω2 (see eq.
(3.26)). In the particular case when ω1 = ω2, one generates both second harmonic and dc
pulses. Because the near-IR pulse has a duration of 150 fs, a ”dc” pulse corresponding to
the envelope of the optical generating pulse rather than a constant dc level.

Alternatively, this generation mechanism can be understood by considering the fact
that the optical pulses have significant bandwidths. Thus, the high-frequency components
can mix with the low-frequency components within a given pulse to produce a pulse at
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Figure 3.2: Wave mixing between two frequencies ω1 and ω2, when light interacts with
a nonlinear medium.

the difference frequency. Since the optical pulses have a bandwidth of a few THz, the
difference frequencies fall in the THz range. Difference frequency mixing produces a
low frequency polarization which follows the envelope of the incident laser pulse. The
nonlinear polarization in the time-domain yields:

P(2)
i (t) = χ(2)

i jkE j(t)Ek(t) (3.38)

The polarization is directly proportional to the second order nonlinear susceptibility and
the intensity of the optical generating pulse. This polarization is not stationary, but moves
with the group velocity of the optical pulse. The contribution from the infrared lattice
vibration to the low-frequency dielectric response causes the velocity of the source to ex-
ceed the radiation velocity. This restricts the bandwidth for efficient phase matching. The
phase matching is achieved when the phase of the THz wave travels at the same speed as
the optical pulse envelope. After the optical pulse and the THz wave have copropagated
through a material of thickness d, the accumulated group velocity mismatch time is

δ(ωT Hz) ≈
[ng(λopt) − n(ωT Hz)]d

c
(3.39)

assuming a monochromatic THz wave and a delta-function like optical pulse centered at
λopt. ng(λopt) is the optical group index and n(ωT Hz) the THz phase index. There is a clear
trade-off between a broadband response and a long interaction length. Several consider-
ations determine the selection of the material. The material should be transparent to the
optical pulse having low absorption and a large electro-optic coefficient. Furthermore,
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Figure 3.3: The low frequency component of a pulse ω1, and the high frequency com-
ponent ω2, are mixing, producing a pulse at the difference frequency ω3 =

ω1 − ω2.

the static birefringence in both the optical and the far-infrared regions of the spectrum
should be small. ZnTe has a broad TA-phonon absorption line centered at 1.7 THz and
one stronger at 3.7 THz in addition to a TO-phonon resonance at 5.3 THz limiting the
bandwidth to below 5 THz [21] with a typical crystal thickness of 1 mm.

One advantage of optical rectification is that it is a nonresonant method and the THz
pulse width is limited only by the optical laser pulse width (and the phonon-mode ab-
sorption of the crystal), and not the response time of the material. Some of the shortest
THz pulses to date, with bandwidths up to 100 THz and beyond have been generated in
this or a similar fashion [22, 24, 27]. Kubler et. al. have used a 20 µm thick GaSe crystal
to generate THz pulses with a bandwidth beyond 120 THz [22]. In a THz spectrometer,
the generated radiation bandwidth can be tuned between 2.5 THz and 100 THz, by choice
of the appropriate nonlinear medium and optical generating pulse length.

Let us finally address the issue of the energy flow in the THz generation process us-
ing optically transparent nonlinear crystals. In the THz generation approaches utilizing
the real optical excitation of the free carriers, for instance in the photoconductive THz
generation (see for example [28]), the energy of the THz pulse is drawn from the exter-
nal electrical circuit. But in our case no external circuit exists, and the laser pulse is not
absorbed by the emitter crystal, since the crystal is transparent to the laser pulse wave-
length. The generation crystal also does not cool down as a result of THz generation
process. Therefore the only energy source for the emitted THz pulse is the laser pulse



3.2. Design and characterization of the Terahertz Time-Domain Spectrometer 49

itself. Shimizu and Yamanishi [30] have theoretically shown that the THz pulse emitted
by optical rectification in a transparent nonlinear crystal draws its energy from the gen-
eration laser pulse due to the redshift of the wavelength of the photons in this laser pulse,
whereas the number of incident photons is always conserved, since no real absorption is
taking place. It should be mentioned here that the value of this redshift should be very
small, given the huge energy stored in the laser pulse and quite a moderate energy emit-
ted with the THz pulse. To the best of our knowledge no experimental demonstration of
such redshift has been done so far.

3.2.2 Detection of Terahertz pulses

Once the THz pulses have been generated, the need for a reliable detection scheme
becomes a must. In the THz spectroscopy development period a multitude of detec-
tion methods have been constructed. The oldest one is the photoconductive antenna
[6–8], based on low-temperature-grown GaAs and Si-GaAs. When a high-power low-
repetition-rate experiment or a destructive experiment is performed, a single-shot detec-
tion is desirable (it is possible to collect an entire THz waveform without having to scan
a delay line) [33–36]. Nahata and Heinz have demonstrated that it is possible to de-
tect THz pulses via optical second harmonic generation [37]. Polarization modulation,
as opposed to amplitude modulation, when using optoelectronic detection has also been
demonstrated [38].

Although many THz detection methods exist, the photoconductive antennas and free
space electrooptic sampling remain the workhorses of THz detection. In our setup we are
detecting THz pulses via free space electrooptic sampling (FSEOS). The reason is that
when using an amplified laser system (Ti:Sapphire in our case), the pulses are detected
best via free space electrooptic sampling rather than photoconductive dipole antennas
(PDA’s) [24,39]. It has the advantage that it is a nonresonant method of detection, so the
potential for damaging the detector crystal with the focused readout beam is much lower.
The FSEOS is based on the electric field of a THz pulse inducing a small birefringence in
an electro-optic crystal through a non-linearity of the first order (Pockels effect). Passing
through such crystal, the initially linearly polarized optical probe beam gains a small
elliptical polarization. To a first approximation, this ellipticity is proportional to the
electric field applied to the crystal, i.e. to the THz pulse in every certain moment of
time. Because the THz field is much longer than the optical probe pulse (several ps
versus ∼150 fs), the THz electric field as experienced by the sampling pulse can be
approximated as a dc bias field. Therefore, varying the delay between the THz and
optical probe pulse, the whole time profile of the first can be traced. As an FSEOS active
medium, a variety of dielectric materials like LiTaO3 [40,45] and ZnTe [45] or polymers
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polarized by externally applied field [40, 41] is employed.
Passing through the electro-optic crystal, the y

′

and z
′

components of the electric field
of the incident optical wave acquire the phase shift:

δφ =
ω

c
n3r231Ey′ dx

′

(3.40)

with r231 = 4·10−12 m/V for ZnTe. In the absence of the THz field (ET Hz=0), the phase
shift is zero and the polarization of the probe stays linear. When the THz pulse is present,
the phase shift leads to a slightly elliptical polarization (see fig. 3.2).

In practice, a quarter-wave plate is placed behind the electro-optic crystal to make
the initially linear polarization of the probe beam (at ET Hz = 0) circular. A Wollatson
prism separates its y” and z” components and sends them to a differential detector which is
connected to a preamplifier and a lock-in amplifier. With no THz present, the components
have equal intensity and the differential signal is zero. When the THz field is applied, a
nonzero phase difference of the two components appears. According to eq. (3.40), the
phase difference is proportional not only to the magnitude of the applied field but also to
its sign which makes the whole detection method phase-sensitive.

Figure 3.4: Schematics of free space electrooptic sampling detection. PBS - pellicle
beam splitter.

We use the FSEOS geometry with the THz and probe beams propagating collinearly
through the sensor crystal. For this purpose we use a 1” beam splitter made of very thin
polymer transparent for THz radiation and reflecting around 5 percent of optical radiation
(so-called pellicle beamsplitter, or PBS). The major advantage of a PBS is that thanks to
its thickness, does not lower the temporal resolution of the system through multiple inter-
nal reflections. The disadvantage is that is extremely fragile and sensitive to even small
vibrations of the air in the laboratory. The highest signal to noise ratio (SNR) reached
in our spectrometer with FSEOS is 1000:1. Compared to photoconducting antenna de-
tectors , the FSEOS is somewhat less sensitive but is free from artifacts typical for PDA
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like a broad minimum before the main peak and the drifting background. It is also much
more mechanically stable than PDA and does not require very precise optical adjustment.

3.3 Transmission Time-Domain Terahertz Spectrometer

Our THz spectrometer is driven by a commercial femtosecond Ti:Sapphire (Ti:Sa) am-
plifier (Hurricane, Spectra Physics). A schematic representation of this laser system is
depicted in fig. 3.5.

Figure 3.5: Typical amplified femtosecond laser system. An cw diode-pumped laser
pumps a mode-locked Ti:Sapphire oscillator, which produces approximately
800 mW of 150 fs and 800 nm pulses. These pulses are directed to the
stretcher to be stretched, amplified and then recompressed. The regenera-
tive amplifier is pumped with a Nd:YLF laser.

It is composed from five main components: a seeding laser (Mai-Tai), a pump laser, a
stretcher, a compressor and a regenerative amplifier. The Mai-Tai consists of two lasers,
a continuous-wave (cw) diode-pumped laser (Millenia) and a mode locked Ti:Sapphire
resonator, as well as a power supply unit, chiller and other necessary elements. The cw
diode-pumped laser emission is 532 nm at an average output power of 5 W. Because
the Ti:Sapphire has a broad absorption band in the green and blue region, the 532 nm
cw-laser output acts as an ideal pump for the Ti:Sapphire cavity. A second part of Mai-
Tai is a mode-locked Ti:Sapphire cavity which consists of Ti:Sapphire rod, focusing
mirrors and other optics. The Mai-Tai is thus able to deliver continuously tunable pulsed
power output at 80 MHz repetition rate over a range of near infrared wavelengths from
790 to 810 nm with a pulse duration of about 90 fs. The Evolution laser is a diode-
pumped, intracavity doubled Nd:YLF laser able to produce Q-switched pulses with an
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average power of 6 W at 523.5 nm at a repetition rate of 1 kHz. The main elements of
the Evolution laser are a diode-pumped Nd:YLF laser, an optical resonator, an acousto-
optical Q-switch and a lithium triborate (LBO) frequency doubling crystal. The lasing
material (Nd:YLF) has two laser transitions at 1053 nm and 1047 nm with different
polarizations. The Evolution system is using the 1047 nm line, due to a higher gain
cross section. Q-switching is achieved by diffracting the light beam on an optical phase
grating which is generated by launching an ultrasonic wave on a transparent material.
The laser can be brought into the higher Q-state by controlling the voltage supply to the
piezo-electric transducer which drives the ultrasonic wave.

The ultra short pulses have a very high saturation fluorescence which can lead to
self focusing. In order to avoid damage to the optics inside the amplifier cavity, the
seed pulses are therefore stretched before entering the amplifier cavity. When a pulse
is stretched its peak power is distributed over a relatively large time span and hence its
power density is lowered. The pulse stretching is based on dispersion by diffraction
gratings. Thus the Hurricane Ti:Sapphire regenerative amplifier is designed to amplify
individual pulses from a mode-locked Ti:Sapphire laser. Typically, an input pulse of
energy of only a few nanojoules can be amplified to over 1 mJ. The output pulse of the
Hurricane has an energy of 750 µJ and a width of 150 fs operating at 1 kHz. In pump-
probe experiments this low repetition rate allows the sample to relax completely before
the next pulse arrives, thus minimizing the heating effect due to the pile-up of pulses.

In the following we will describe the THz time-domain spectrometer based on optical
rectification of the 150 fs pulses with the central wavelength of approximately 800 nm in
a ZnTe crystal and detection of the THz pulses in another ZnTe crystal using free-space
electrooptic sampling (FSEOS) technique (see fig. 3.6). The emitter crystal is <110>-
oriented and 1 mm thick. Detection is realized using a <110>-oriented ZnTe crystal of
0.2 mm mounted on a <100>-oriented ZnTe crystal of 0.5 mm. When a short microwave
pulse is applied on the detection crystal, the group-velocity mismatching of ZnTe must
be considered. The measured group-velocity mismatching of ZnTe is 0.4 ps/mm. In
order to reduce walk-off for better temporal resolution, the thinner <110> crystal pro-
vides shorter convolution window (about 0.1 ps), and the thicker <100> crystal delays
the reflected THz pulse, with no contribution to the electrooptic phase retardation. The
disadvantage of using a thinner crystal is the reduction of electrooptic signal, due to the
shorter interaction length [45]. ZnTe is one of the most popular choices for THz emitters
and detectors because having a wide bandgap (Eg(ZnTe) = 2.28 eV), it is basically trans-
parent at the laser pulse wavelength, but shows good nonlinear properties. For 800 nm
pulses it has large 2nd order nonlinear susceptibility χ(2) = 1.6 · 10−7 esu [29] and large
electrooptic coefficient r41 = 4.04 pm/V [20]. The 150 fs laser pulse with the central
wavelength around 800 nm excites a transient nonlinear polarization spike in the emit-
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ter ZnTe crystal, which produces an electromagnetic pulse with the frequency spectrum
in the THz range. This process is described in sections 2.1.1 and 2.1.3 by the equations
(3.15), (3.16), (3.27). The THz pulse is guided to the detector ZnTe crystal by the off-axis
parabolic mirrors. In the last part of my studies, our THz lab had to be moved to another

1
4

2
3

Figure 3.6: Schematic representation of the terahertz time-domain transmission spec-
trometer. Please be aware that parabolic mirrors 1 and 3 are not well oriented.

building. In the reconstruction process, parabolic mirrors 1 and 3 (see fig. 3.6) were
wrongly oriented. Therefore, the THz beam trajectory is not passing any more through
the center of the parabolas, which means that it is not reflected under a 90 degrees an-
gle, without abberations. Because of that, THz beam will suffer from optical aberration,
more precisely the focus will be bigger and will form at a different point with respect to
the focus formed in a correct paraboloid orientation. The cryostat was positioned for a
maximum gain in signal, which is in the focus of the THz beam. Another consequence
will be a THz wave front tilt which was estimated to a maximum of 2 ps, for one single
not well oriented paraboloid.

Once the THz pulse is transmitted to the surface of the detector ZnTe crystal, its
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electric field induces a birefringence in this crystal. This birefringence is detected by the
phase retardation (see eq. (3.37)) of the very weak (less than 3 percent of the Hurricane
output power) 800 nm laser probe pulse which has a prealigned polarization. This probe
laser pulse is temporally delayed with respect to the pump laser used for THz generation
using the variable delay line. It is therefore possible to measure the phase retardation
(which is proportional to the electric field of the THz pulse) with a time resolution of
about 150 fs. Considering that both THz pump and THz probe laser pulses originate from
the same laser beam and normally have the same duration, we can state the fundamental
limitation of the THz-TDS method: it is not possible to measure THz signals which are
shorter than the probe laser pulse itself. Therefore in a conventional THz-TDS setup the
bandwidth of the THz pulse cannot exceed that of the detection probe pulse. After the
propagation through the quarterwave plate, the phase-retarded optical probe pulse will
become elliptically polarized, which will result in different light intensities incident on
the two photodiodes of the differential detector. The difference in voltages detected by
these photodiodes will be proportional to the induced phase retardation, and therefore
(see eq. (3.37)) to the electric field strength in the THz pulse. Varying the delay between
the THz pulse and the optical probe one can therefore temporally sample the electric field
in the THz pulse. Taking into account eq. (3.37), the measured electric field in the THz
pulse in the case of the FSEOS in cubic electrooptic crystals can be estimated as
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Figure 3.7: Time trace of a typical terahertz pulse obtained with our THz spectrometer.

ET Hz =
2∆V
Vmax

·
c

ωn3
0r41d

, (3.41)
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where ∆V is the difference in the voltages detected by the two photodiodes of the differen-
tial detector. Vmax is the voltage produced by each of the photodiodes when they are illu-
minated with the probe beam, when no THz field is applied. Then ∆V = Vmax−Vmax = 0.
n0 and r41 are the refractive index and the electrooptic coefficient of the nonlinear crystal
at the frequency of the probe beam ω. d is the thickness of the crystal. The electrooptic
signal ∆V in our experiment was first preamplified and then read by a commercial lock-in
amplifier SR 830 DSP at a frequency of 166.6 Hz corresponding to 1/6 of the Ti:Sapphire
amplifier repetition rate. The THz generation beam was modulated at this frequency with
a chopper (see fig. 3.19). For the ZnTe crystal probed at 800 nm n0 = 3.22 [43]. In the
case of 1 mm thickness, the electric field in the THz pulse is approximately

ET Hz =
∆V

Vmax
· 2.67 · 104[V/cm], (3.42)

THz generation by optical rectification of ultrashort laser pulses was first demonstrated

Figure 3.8: Amplitude and phase of the terahertz time trace Fourier transform.

by the group of Y. R. Shen in 1971 [44]. The FSEOS detection scheme was first intro-
duced by the groups of X. C. Zhang [45] and P. Uhd Jepsen and H. Helm [28] in 1996.
Both these techniques have been widely used ever since and allow for coherent detection
of the electric field temporal evolution in ultrashort transients. Recently the generation
and detection of THz pulses with the peak electric field strength of the order of 1 MV/cm
was demonstrated using optical rectification and FSEOS detection schemes [24]. A typ-
ical time trace of a THz pulse generated and detected in our THz spectrometer is shown
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in fig. 3.7, while its amplitude and phase frequency dependent spectra are shown in fig.
3.8. This pulse was generated by the 800 nm central wavelength , 150 fs long laser pulse
with the fluence of approximately 0.5 mJ/cm2.
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Figure 3.9: Input laser-power dependence of the terahertz pulse fluence for <110> ZnTe.

The THz pulse has a relatively complicated shape with a main single-cycle oscilla-
tion, followed by decaying anharmonic oscillations. The maximum signal-to-noise (S/N)
ratio of this pulse is about 103. This THz pulse has a useful bandwidth in the range 0.2 -
2.5 THz, which is considerably smaller than the bandwidth of the 150 fs excitation laser
pulse. The temporal shape and bandwidth of a THz pulse produced by optical rectifica-
tion in an optically transparent nonlinear crystal is determined by the temporal shape and
bandwidth of the excitation pulse as well as by the phase mismatch between the optical
and THz pulses copropagating through the crystal and the THz absorption by phonons in
the crystal. Fig. 3.10 displays the terahertz pulse parameters.

The THz center, width and amplitude are clearly defined. Another two definition will
be also useful: we will call a positive part of the THz peak, the peak which is situated
above y = 0 axis, and a negative part of the THz peak the peak which is situated below y
= 0 axis.

By varying the excitation (pump) power, it is possible to obtain a power dependence
of the terahertz emission from the <110> oriented and 1 mm thick ZnTe generation
crystal. Fig. 3.9 shows the measured input power dependence of the terahertz signal.
The terahertz pulse fluence grows linearly with the energy carried in the generating pulse.
However at power densities above 3 mJ/cm2 white light generation effects start to occur
in ZnTe as well as optical damage to the crystal [25].
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Figure 3.10: Terahertz pulse in the time-domain, transmitted through a Cu2O sample at
18 K, after 0.1 ps from the optical excitation. The sample is excited with
1.2 mJ/cm2. The pulse center, width and amplitude are defined. The THz
pulse peak which is situated above y = 0 axis will be defined as positive
peak, while the THz peak situated below y = 0 axis will be defined as nega-
tive peak.

In order to determine the terahertz beam focus we performed pulse measurements
when the pulse was propagating through a pinhole with different diameters. Figure 3.11
displays the terahertz pulses, as well as their fourier transforms, after propagating through
the pinhole with the diameter of 2, 3, 4 and 5 mm. A decrease in terahertz electric field
amplitude with the pinhole diameter can be seen. This electric field pulse amplitude
decrease results in a decrease of spectral weight in the Fourier spectra of these pulses.
Considering the pulse intensity variation, we determine the terahertz beam focus to be in
the order of 3.5 mm.

The central part of the terahertz spectrometer is concealed in an aluminium home -
made box (see fig. 3.19). To be more precise, the entire terahertz beam trajectory be-
tween the generation crystal and the detection crystal is situated inside this box. This
is to prevent complications due to water vapor which is always present in air has a very
pronounced signature in the range of our THz spectrometer (from 0.2 until 2.5 THz). In
order to create a water vapor free environment along the THz beam path two approaches
can be followed. The first approach, and the most spread among experimentalists, would
be to purge the box with pure N2 gas. The second approach, not so often used at the
moment, is to create relatively modest vacuum conditions inside the box (10−3 mbar),
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Figure 3.11: Terahertz pulse measured after propagating through a pinhole with different
diameters and their Fourier transforms.

which should eliminate also almost completely the water vapor. In the following we will
do a comparison between these two possibilities and will show that in our opinion, a
vacuum environment is more suitable for terahertz experiments than a N2 environment.
All frequency spectra presented in the next figure are characteristics of the system used
to generate the radiation and any media through which the radiation has propagated. Ter-
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ahertz transients of approximately 45 ps length have been measured in three different
box atmospheres: air, pure N2 gas and vacuum. Their Fourier transforms are depicted
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Figure 3.12: Terahertz spectra of three different propagation media: air (continuous line),
N2 gas (dashed line) and vacuum (dash dot line).

in fig. 3.12. While in the air spectrum, nine clear absorption lines are present, in the N2

spectrum only lines 5 and 8 are visible and in the vacuum spectrum only line 8 can be
distinguished. comparing the spectra we attribute the nine absorption lines as follows:
lines 1, 2, 3, 4, 5, 6, 7, 9 could be attributed to the presence of water vapor [26], while
line 8 can be attributed partly to the ZnTe generation crystal and partly to water vapor,
since in vacuum spectra some absorption remains. The spectrum measured in air has the
lowest spectral intensity due to the strong water vapor absorption. In the N2 spectrum
besides the ZnTe absorption line which cannot be suppressed, one can still distinguish a
very weak water absorption line (line 5). The vacuum spectra contain the same lines as in
N2, but the spectral intensity is the largest between the three displayed spectra. Looking
at the terahertz transients, the best signal to noise ratio was obtained from the transient
measured in vacuum. Because the vacuum spectra showed the largest spectral inten-
sity and the best signal to noise ratio, we conclude that the best media for the terahertz
measurements is vacuum.



60 Chapter 3. Terahertz Time-Domain Spectroscopy

r

n,α(ω)

d
e
te

c
to

r

e
m

it
e
r

r01

t01

t10

r10

d

E0

E0
n = 1

Er

Es

Figure 3.13: Êr and Ês are the THz signals transmitted through free space (reference
pulse) and through the free space and sample. r is the length of the optical
path between emitter and detector and d is the sample thickness. r01,t01 and
r10,t10 are the amplitude reflection and transmission coefficients at the front,
and respectively the back of the sample. n(ω) and α(ω) are the frequency
dependent refractive index and power absorption coefficient of the sample.

3.3.1 Propagation of an electromagnetic wave packet through the
medium. Terahertz spectral analysis.

In the following we will concentrate over the propagation of a linearly polarized electro-
magnetic signal through a plan-parallel slab of dispersive medium, i.e. a medium with
frequency-dependent refractive index and absorption coefficient. Fig. 3.13 is a schematic
representation of the propagation of a THz pulse through the sample with frequency-
dependent refractive index n(ω) and power absorption coefficient α(ω). The free-space
signal Êr only changes due to the optical components encountered during propagation.
We call these changes the system response. The sample signal Ês however does expe-
rience, besides the system response, reflection losses at the sample’s interfaces as well
as absorption inside the sample. The extraction of the dielectric properties of the sam-
ple, such as refractive index and power absorption coefficient is most easily performed
in the frequency-domain, which is done using Fourier transformation. In the following
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equations all parameters are frequency-dependent. The detected THz signals propagated
through the free-space Êr and through both free-space and sample Ês have a complex
form

Êr = E0eikr = E0eiφ f ree

Ês = E0t01t10eik(r−d)ein̂kd = Eseiφsample
(3.43)

In this equations E0 is the electric field strength of the reference pulse, k = ω/c is the free-
space wavevector, r is the length of the optical path, d is the sample thickness, n̂ = n +

iκ is the sample complex refractive index, and t01 and t10 are the amplitude transmission
coefficients at the front and back surfaces of the sample. The electric fields Ês and Êr in
complex form are defined by their amplitude and phases Es, φsample and E0, φ f ree.

The amplitude reflection and transmission coefficients at the front and back surfaces
of the sample in the case of normal incidence are

r01 =
1 − n̂
1 + n̂

; t01 = 1 − r01

r10 =
n̂ − 1
1 + n̂

; t10 = 1 − r10

(3.44)

Knowing that the power absorption coefficient α = 2kκ and taking into account eqs.
(3.44) we can write the ratio of the electric fields Êr and Ês as

Ês

Êr
=

4n̂
(1 + n̂)2 e−

α
2 dei(n−1)kd =

Es

E0
ei(φsample−φ f ree) (3.45)

Performing a complex fit of the experimentally obtained transmission with the theoretical
one displayed in eq. (3.45), the real and imaginary refractive index, n and κ are obtained.

The real refractive index and the absorption coefficient, α, can also be obtained con-
sidering the following approximation: neglecting the losses suffered due to absorption at
the air - sample interfaces (i.e. taking κ = 0 in the first term of eq. (3.45), 4n̂/(1 + n̂)2).
This approximation is valid in the case of relatively low-absorbing samples of any thick-
ness, or optically thick but relatively high-absorbing samples. In this case, the refractive
index in eq. (3.44) will became real (the absorptive component κ is neglected) and the
transmission becomes

Ês

Êr
=

4n
(1 + n)2 e−

α
2 dei(n−1)kd =

Es

E0
ei(φsample−φ f ree) (3.46)

Therefore from the measured phase difference of the sample and reference pulses, and
taking into account that ω = 2π f , f being the frequency, one can obtain the frequency
dependent real part of the refractive index

n =
(φsample − φ f ree)

2π f
c d

+ 1 (3.47)
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Having calculated the refractive index one can separate the reflection and absorption
losses in the sample. The power absorption coefficient of the sample will be then

α = −
2
d

ln
[

Es

E0

(1 + n)2

4n

]
(3.48)

All the results presented in this work have been obtained using a procedure which does
not employ the last mentioned approximation (neglecting the absorption losses at the
sample - air interfaces). We have chosen to perform the fit of the experimentally obtained
transmission with the theoretical transmission.

In the following we present the results of THz-TDS on a 0.73 mm thick Cu2O crystal
at room temperature, using a 1 mm thick <110> - oriented ZnTe crystals for emission
and a double ZnTe crystal: a 0.2 mm <110> oriented crystal glued on a 0.5 mm <100>
for detection. Fig. 3.14 shows the reference (free space) and the sample THz transients
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Figure 3.14: THz-TDS on a 0.73 mm thick Cu2O crystal at room temperature. Measured
THz time-domain signals: raw reference signal (upper solid line), raw sam-
ple signal (lower line) and sample with removed emitter echo (lower dotted
line). The time-domain signals were vertically separated for clarity. time t
= 0 is set to be the time where the main peak of the THz pulse is located.

are shown.
The sample THz pulsewas offset from zero for clarity. The time t = 0 has been chosen

to be the time where the main peak of the THz pulse is placed. In the beginning and the
end, both pulses have been set to zero. One can notice that the main feature of the sample
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signal appears approximately 4 ps later than the main feature of the reference pulse, so
one could immediately estimate nCu2O(T Hz) using the simple relation ∆t = (n − 1)d/c
(where d is the sample thickness and c is the speed of light in vacuum) to find n ≈
2.7. This sample pulse delay results from the propagation through the sample, whose
refractive index is greater than 1. It has smaller amplitude and its shape is distorted in
comparison to the reference pulse. This results from the frequency dependent absorption
coefficient and refractive index of the Cu2O sample crystal. In the sample signal, a main
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Figure 3.15: Frequency domain amplitude reference and sample (with the echo parts re-
moved) and the phase difference between them.

THz peak appears at 4 ps followed by another feature at 10 ps distance. This feature
originates from the etalon reflection in the plan parallel sample, i.e. it is a part of the
main THz signal after it made a round trip in the sample. Knowing the sample refractive
index we have calculated that in order to travel two sample lengths, the THz reflected
pulse will need approximately 9.82 ps. The etalon reflection might be suppressed or
removed by using a wedged sample. This echo signal has a distorted time shape and is
much weaker than the main pulse. Nevertheless, if Fourier transform of the THz transient
and the echo is performed, the echo will influence the transform, leading to an incorrect
spectrum. In order to avoid this inconvenience, one can pad the echo part of the time-
domain THz signal with zeroes, since the oscillations from the main pulse are already
strongly damped at this point. The time-domain THz signal with a zero-padded echo
part is shown by the solid line in the figure.
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Fig. 3.15 presents the amplitude spectra of the reference and sample THz pulses
as well as the phase difference induced by the propagation through the sample in the
frequency domain. The amplitude spectra have their maxima at around 1 THz. The ref-
erence and sample amplitude spectra have a cut-off frequency of approximately 2.3 THz.
As discussed before, the limitation of the reference spectrum is related to the process
of generation and detection in ZnTe crystals. The noise floor is approximately 0.0025,
which makes the maximum amplitude dynamic range (DR) of about 400 for the reference
and the sample spectra.
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Figure 3.16: Frequency dependent refractive index of the Cu2O crystal at 17 K calculated
from the amplitude and phase spectra.

In fig. 3.16 and fig. 3.17 the refractive index and absorption spectra, respectively, of
the Cu2O crystal at room temperature are shown. These refractive index and absorption
spectra are calculated from the amplitude and phase spectra shown in fig. 4.10 using the
formulas eq. (3.47) and eq. (3.48). The spectra contain useful information in the range
0.2-2.5 THz. A definition of the spectral limits of reliability for the obtained information
can be obtained taking into account the frequency-dependent dynamic range (DR) of
the amplitude spectra. As was shown by Jepsen and Fischer [31], one can define the
frequency-dependent dynamic range of the measured absorption spectrum based on the
signal-to-noise consideration. The maximal frequency-dependent absorption coefficient
that can be reliably measured with THz-TDS follows from eq. (3.48) and is calculated



3.3. Transmission Time-Domain Terahertz Spectrometer 65

using the formula:

αmax =
2
d

ln
[
DR

4n
(1 + n)2

]
(3.49)

where d is the sample thickness, DR is the frequency-dependent dynamic range, and n is
the frequency-dependent refractive index.
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Figure 3.17: Power absorption coefficient of the Cu2O crystal at 17 K calculated from
the amplitude and phase spectra.

The frequency resolution of the THz-TDS is given by the time step and the num-
ber of data points in the time-domain measurement ∆ f = 1

N
1
dt , where N is the number

of data points in the THz time-domain signal and dt is the time step. The fast digital
Fourier transform method (FFT) is used to perform the Fourier transforms numerically.
Its performance is best when the number of data points N is a power of 2. Using the high
calculus power of the modern computers, performing a FFT transform becomes an easy
task. In the measurements presented above the raw data consists of 625 data points with a
time step of 40 fs, thus making the whole time scan of 25 ps. In order to reach the nearest
power of 2 value which is 1024, the time-domain signals were padded with zeroes after
the last measured data point. The reference signal was padded with zeroes already after
the 532 - th data point in order to avoid the Fabry-Perot effects in the frequency domain
caused by the echo of the sample (see fig. 3.14). This operation did not affected the
integrity of the measured and calculated data, because in this range there was already no
signal above the noise related to the main THz oscillation. Thus, the frequency resolu-
tion of our experiment was ∆ f = 1

625 ·
1

0.04 = 0.04 THz. It should be mentioned that the
zero padding and removal of the echoes in the time-domain data should be performed
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very carefully because if the meaningful part of the original signal is cut, the frequency
domain data will contain false features and lack the true ones.

3.4 Time-Resolved Optical-Pump Terahertz-Probe Spec-
troscopy

Time resolved measurements are very important in condensed matter systems because
they can resolve dynamical processes at fundamental time scales of the electronic and
nuclear motion. In a typical time-resolved optical pump-probe experiment, a short laser
pulse is split into an intense pump pulse and a weaker probe pulse. The pump pulse
induces a change in the sample and the probe pulse measures the induced change in
the sample. Varying the delay between the pump pulse and the probe pulse one can
monitor the temporal development of the induced change. This development, which we
measure in transmission ∆T/T, contains information about the relaxation dynamics of the
sample. Measurements of the dynamics of hot-electron relaxation in semiconductors give
important information about the physics of nonequilibrium phenomena in these materials
as well as information about the carrier-carrier and carrier-phonon interaction, which are
of fundamental interest in semiconductor physics.

The transiently induced change in transmission ∆T/T, in the case of small perturba-
tions is connected to the induced changes in the dielectric function, ε = ε1 + iε2, of the
sample through

∆T =
∂lnT
∂ε1

∆ε1 +
∂lnT
∂ε2

∆ε2 (3.50)

which contains the electronic properties of the material. Here ∆ε1(∆ε2) represents the
induced change in the real (imaginary) part of ε̃.

However, a potential disadvantage of regular optical pump-probe experiments is that
the probe energy, typically 1.5 eV or higher, is much larger than the relevant energy
scales in many systems, such as the excitonic molecule energy scale in semiconductors.
Combining THz-TDS with optical excitation one can measure the evolution of optically
induced changes in the real and imaginary part of the dielectric function with a probe
energy much closer to the relevant energy scale in the material.

A typical example of mid-infrared reflectivity spectra calculated by M. Nagai et all
is displayed in figure 3.18. The reflectivity has a very distinctive response in the case of
different concentrations and spatial distributions of the photoexcited carriers: it is flat for
a low density of carriers (situation (1)); it has a Drude like shape for a high carrier density
uniformly distributed over the sample (situation (2)) and it displays a resonance for a
high density of carriers, gathered in ”droplets” inhomogeneously distributed throughout
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Figure 3.18: Typical response from different spatial distributions of photoexcited carri-
ers in mid infrared pump-probe experiment. Reflectivity around plasma fre-
quency ~ωp at different distributions of electron-hole: (1) dilute excitonic
gas, (2) homogenous plasma, and (3) electron-hole droplet. Reproduced
from [32], with permission

the sample. This example demonstrates the possibility of using optical-pump THz-probe
spectroscopy in order to induce and see the signature of a metal to insulator transitions
for example: in the case of a metal one would see a Drude like sample response, while
in the case of an insulator a flat response will be observed.

A time-resolved optical-pump THz-probe experimental setup is shown in fig. 3.19.
In this setup please be aware that parabolic mirrors 1 and 3 were not well oriented (see
the remarks about wrong paraboloids orientation made on page 53).

An intense optical pump pulse, which is derived from the same laser beam that trig-
gers the THz transmitter and detector, photoexcites the sample. Using a mechanical delay
line, the optically induced changes in the transmitted electric field can be measured with
subpicosecond resolution. The complex sample signal as a function of frequency and
pump-probe delay time τ is given by

S (ω, τ) =
FFT (Eeq(t) + ∆E(t, τ))

FFT (Ere f (t))
=

Esig(ω, τ)
Ere f (ω)

(3.51)

where Eeq(t) is the equilibrium scan of the sample in the time-domain without optical
excitation, ∆E(t,τ) = Eex(t,τ) - Eeq(t) is the induced change in the electric field with
Eex(t,τ) the scan of the sample with optical excitation.

Experimentally, ∆E(t, τ = τi) is obtained by scanning the THz probe delay line
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Figure 3.19: Typical optical setup in an optical-pump THz-probe experiment. An optical
pump pulse directly excites the sample, and the focused THz beam probes
the far-infrared properties of the sample as a function of time after optical
excitation. Keep in mind that paraboloids 1 and 3 are not well oriented.

and mechanically chopping the optical pump delay line which is positioned at a spe-
cific pump-probe delay time τ = τi. This procedure measures the difference between
Eex(t, τ = τi) and Eeq(t) at the rate of the chopper frequency immediately yielding
∆E(tr, τ = τi) at each THz probe delay time tr. Alternatively, by chopping and scan-
ning the THz probe delay line one would collect the data for Eex(t, τ = τi) (i.e. pump on)
and Eeq(t) (i.e. pump off) in separate scans. The direct measurement of ∆E(t, τ) allows
for increased signal sensitivity as it is more robust to system drift, particularly when the
induced change is small. Then the real and imaginary part of the dielectric function can
be obtained through a procedure which was given in the previous section. After obtaining
∆E(t, τ = τi), Eeq(t) and Ere f (t) are measured by chopping and scanning the THz probe
delay line. ∆E(t, τ = τi) must be measured at each pump-probe delay time because the
optical excitation can induce changes in both the phase and amplitude of the THz field.
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However, for samples in which the optical excitation produces changes primarily in the
amplitude of the THz electric field, an alternative method can be used. ∆E(t = tpeak, τ) as
a function of τ is obtained in a single scan by chopping and scanning the optical pump
delay line while the THz delay line is positioned at the peak of the THz electric field.
This method, if applicable, can provide considerable time savings in measuring the in-
duced dynamics. It must be kept in mind that this procedure is an approximation which
can be employed only when the induced change is small, or when the phase of the THz
pulse does not change with optical excitation. This method is in most of the cases not
applicable, because these requirements are only seldom met.

Time τ = 0 is chosen as the pump pulse delay where a induced change in THz pulse
amplitude is first observed. The THz electric field is four orders of magnitude lower
than the excitation pulse electric field. Therefore, one can be sure that the THz pulse
acts as a true probe pulse, not perturbing the system. One of the advantages of the
THz-TDS is the distinctive detection method [47, 48]: both, the change in absorbance
and the phase shift of all frequency components contained in the probe field are deter-
mined. This information can also be expressed in terms of complex conductivity spec-
trum σ(ω, τ) = σ′(ω, τ) + iσ′′(ω, τ), which is a function of the time τ after photoexcita-
tion. The experimentally determined absorption and phase shift of the THz electric field
∆E(t, τ) fully determine σ(ω, τ) [49]. However, when σ(ω, τ) changes on a time scale
τ which is comparable or shorter with the THz pulse duration, the extraction of σ(ω, τ)
from ∆E(t, τ) becomes more problematic, because the sample characteristics will be dif-
ferent between the beginnng and the end of the [39,49,50]. This effect must be taken into
account in the data analysis. In the next section we will follow the same type of analyze
performed by E. Hendry [50] and J.T. Kindt [49] when the sample properties are chang-
ing on a time scale comparable with the THz pulse time duration. It is better to consider
in a first step the case of a time-independent carrier density of the sample, as shown in
fig. 3.20(a). In this situation, the extraction of σ(ω, τ) from the experimental data is
straightforward when σ(ω, τ) varies slowly in time τ, during the THz probe pulse (which
has a main period of about 2 ps), because this allows the definition of a quasi-steady-state
conductivity σ(ω) [47, 51, 52]. Before taking into account the THz field used in experi-
ments, we evaluate the impulse-response current j(t) after an extremely short pulsed field
E(t) = δ(t − t′) [53]. The impulse-response current can then be written as a product

j(t) = N j0(t) (3.52)

where j0(t) is the single particle current-response function and N is the number of (pho-
toexcited) charge carriers [53]. σ(ω), the sample conductivity spectrum, is evaluated as
the Fourier transform of j(t). When the number of photoexcited charge carriers N is not
time dependent, as in this steady state approximation, j(t) is proportional to j0(t) , which
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decreases in time after the impulse δ(t − t′) (see fig. 3.20(a)). The integration

J(t) = N
∫ ∞

−∞

E0(t′) j0(t − t′)dt′. (3.53)

will then give the total current generated by an arbitrary THz pulse E0(t). J(t) can also
be written as a convolution between the time-independent THz field and the impulse-
response current:

J(t) = NE0(t) ∗ j0(t). (3.54)

Experimentally, the change in the transmitted THz field ∆E(t), due to photoexcitation is
measured. If the sample excitation thickness is zslab and the surrounding medium has the
refractive index nT Hz, from the Maxwell equations one can derive a relation which relates
∆E(t) and J(t) [56]:

∆E(t) = −
zslab

2ε0cnT Hz
J(t) (3.55)

However, this solution is applicable only for nondispersive sample and the photoinduced
change in the THz electric field is much smaller that this field ∆E(t) � E(t). Taking into
account the Fourier transforms of the last two equations, the conductivity spectrum σ(ω)
in this steady-state approximation can be obtained:

σ(ω) = −
2ε0cnT Hz

zslab

∆E(ω)
E(ω)

. (3.56)

In the last equation E(ω) and ∆E(ω) are the Fourier transforms of the experimental data
E(t) and ∆E(t). The above approach can be effective only when the charge carrier con-
centration N does not change significantly over the duration of the THz pulse (∼ 2 ps).

One can consider now the case of a nonsteady-state. The non-steady state is valid
when the sample properties are changing fast: during the excitation, when the charge
carriers are trapped fast or undergo recombination, or when the charges response changes
in time. In this situation one would like to extract a time-dependent conductivity σ(ω, τ)
[49], but the extraction of this quantity which is varying with frequency and pump-probe
time in not trivial. In the case of an infinitely short probe field δ(t− t′), the formalism can
be easily reconsidered for a density N(t + τ) decaying monotonously and simultaneously
in the positive direction for both t and τ. In this case, we need to take into account
the faster decay of current in the temporal region from t′ to t (fig. 3.20(b)), because
changes after t′ affect the experimental signal, since carriers that decay can no longer
contribute to the current at time t. The contribution of N(t + τ) to the current at time t
is indicated by a black dot in fig. 3.20(b). Expanding this consideration for a density
decaying monotonously across an arbitrary THz pulse shape, one can rewrite eq. (3.54)
for decreasing density:

J(t) = N(t, τ)[E0(t) ∗ j0(t)]. (3.57)
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Figure 3.20: Evaluation of j0(t − t′) (continuous light line) for the impulse by the THz
field (depicted here as a delta function field δ(t − t′)). At a time t (vertical
black, long dashed line) after excitation, J(τ, t, t′) can be separated into an
amplitude function N(t+τ) (dash point line) which represents the amplitude
dependence of the pump delay (t + τ), and the average response of a single-
particle to the impulse field, j0(t − t′). (a) When the conductivity does not
depend of the pump-probe delay, N(t + τ) does not change in time and the
current at time t can be expressed as J(τ, t, t′) = N j0(t − t′). (b) When the
conductivity decreases with pump-probe delay, J(τ, t, t′) = N(t + τ) j0(t − t′)
because, only the contribution of the remaining particles at time t (repre-
sented as a black dot) is to be considered. (c) When the conductivity is
increasing with pump-probe delay, J(τ, t, t′) is amplitude dependent at time
t′ (at the time of the impulse, represented here as a black dot), since any
additional change in amplitude at later times is not affected by the impulse
field δ(t − t′). In this situation, the current density at time t can be written
as J(τ, t, t′) = N(t′ + τ) j0(t − t′). This figure is reproduced from [50], with
permission.

An optical-pump THz-probe experiment on Cu2O reveals that the optical excitation
induces changes in both, the phase and amplitude of the THz field. In this situation,
as discussed in the beginning of this section, ∆E(t,τ) must be measured at each pump-
probe delay. Figure 3.21 presents a schematic representation of the two dimensional
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Figure 3.21: A measurement taken on a copper oxide sample. In the bottom part is the
THz pulse before the arrival of the excitation pulse. The top plot represents
the the THz pulses E(t, τ) at different times τ after the excitation. A de-
crease in the amplitude of E(t, τ) with τ is observed, indicating a decrease
in conductivity with the pump-probe delay. There is also a shift of the wave-
form to the left. The dashed line at a 450 angle represents the path of the
pump pulse in the measurement: each point in a horizontal cross section
E(t) has a different pump-probe delay. Transforming the data along this line
introduces an alternative time τ′ to describe the delay between the excitation
pulse and all points on the probe THz pulse with the same pump delay.

analysis performed on the measured Cu2O data. In the bottom part is the THz pulse
before the arrival of the excitation pulse. The top plot represents the the THz pulses
E(t, τ) at different times τ after the excitation. A decrease in the amplitude of E(t, τ) with
τ is observed, indicating a decrease in conductivity with the pump-probe delay. There
is also a shift of the waveform to smaller t. The dashed line at a 450 angle represents
the path of the pump pulse in the measurement: each point in a horizontal cross section
E(t) has a different pump-probe delay. Transforming the data along this line introduces
an alternative time τ′ to describe the delay between the excitation pulse and all points on
the probe THz pulse with the same pump delay.

The time-dependent conductivity can be extracted from the data, using a method
introduced by Schmuttenmaer et. all [39, 49]. Before Fourier transforming the time-
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domain data, we apply the transformation τ′ = t + τ to the last equation and obtain:

Jpro j(t, τ′) = N(τ′)[E0(t) ∗ j0(t)]. (3.58)

The experimental data are transformed along the path of the excitation pulse (depicted as
a dashed line in fig. 3.21). The points on a horizontal cross section of ∆ET Hz are now at
the same pump-probe delay. Eq. (3.55) for the case of time-dependent density will read:

∆Epro j(t, τ′) = −
zslab

2ε0cnT Hz
Jpro j(t, τ′) (3.59)

Considering the Fourier transforms of eqs. (3.58) and (3.59), the conductivity spectrum
σ(ω, τ′) can then be calculated

σpro j(ω, τ′) = −
2ε0cnT Hz

zslab

∆E(ω)
E(ω, τ′)

. (3.60)

Figure 3.22: Pulses which are used during an optical-pump terahertz-probe experiment
and the time delays between them. The time delays have the same notations
as in the 2D data processing section.

The decay of the charge-carrier population represents the dependence of the pump-
probe delay τ′. The response of an infinitely long-lived charge carrier is represented in
the frequency-dependent part. The new charge carriers which might be created during
or after the THz pulse are not taken into account in eqs. (3.57) to (3.60). This situation
can be easily depicted considering a delta function probe field δ(t − t′) (see fig. 3.20(c)).
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When the density is increasing between t′ and t, the additional charges are not probed by
the field at time t′ and they do not result in a current increase at time t. The current can
then be calculated using N(t′ + τ) instead of N(t + τ). It must be noted that introducing
a t′ dependence in N means that the equivalent form of eq. (3.57) for increasing density
is not a simple convolution and the interpretation of the extracted conductivity spectrum
is not direct. In other words the transformation we apply to the data in this section does
not give reliable results when the pump and THz pulse overlap. For this reason we do
not use during analyze data taken at pump-THz delays smaller than 3 ps.

An alternative to the two dimensional data analyze described above is to experimen-
tally make sure that the delay between the optical excitation pulse and the THz probe
pulse remains constant during the THz pulse measurement. This would significantly
shorten the data analysis process, as well as the time duration of the measurement itself.

In a classical optical-pump, terahertz-probe experimental setup, two delay stages are
used. One of them, usually placed on the terahertz probe beam is varying the delay be-
tween the terahertz probe beam and the terahertz generation pulse (time t in our notation,
see fig. 3.22). The second delay, usually placed on the optical excitation pulse, is varying
the time between the terahertz generation pulse and the optical excitation pulse (time τ
in our notation). There is a possibility to perform the THz measurements keeping the
delay between the optical-pump pulse and the terahertz probe pulse, τ′, constant, while
moving them both relative to the terahertz generation pulse (in fig. 3.22, this movement
is represented by a dashed line). This possibility does not require any change in the
classical setup. Without changing the setup, one can simply move simultaneously both
delay stages with the same speed during the THz pulse measurement. This will ensure a
constant τ′.
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Chapter 4

Induced terahertz response in
Cu2O

4.1 Introduction

4.1.1 Optical properties in semiconductors

For several decades physicists have studied the dynamics of carriers in semiconductors.
A very interesting region for these studies is the far-infrared or submillimeter region,
where the frequency of the electromagnetic radiation is comparable to the carrier damp-
ing rate. At sufficiently low temperatures, intrinsic semiconductor materials are insu-
lators. In the insulating state, all the low-lying electronic bands are fully occupied by
electrons, while the conduction-band states are free. The highest occupied band, which
is called the valence band, is separated from the lowest conduction band by an energy
gap. In this chapter we will be discussing a system where this bandgap is ”direct”.

Optical excitation of semiconductors in the spectral vicinity of this direct bandgap
results in electron transitions from the valence band into the conduction band. If we de-
fine the missing valence-band electrons as ”holes”, we can speak about optically induced
electron-hole pair transitions. The properties of the valence-band holes are similar to
those of the missing electrons: they have a spin, charge, effective mass and so on op-
posite to those of the valence-band electrons. Since the electron charge is -|e|, where
e is the elementary charge, the holes are positively charged, and there might be an at-
tractive Coulomb interaction between the valence-band holes and the conduction-band
electrons [1–3].

An electron-hole pair which are Coulomb interacting form quasi-particles which are
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called excitons. They have many features analogous to those of atomic hydrogen. Be-
cause of this, researchers are interested in exploring excitonic phenomena, from optical,
quantum-optical and thermodynamic transitions to the possible condensation of excitons
into a quantum-degenerate state. Excitonic signatures commonly appear in the optical
absorption and emission of direct-gap semiconductor systems. However, the precise
properties of incoherent exciton populations in such systems are difficult to determine
and are subject to intense debate.

Mathematically, the problem of a single electron-hole pair is identical to that of the
hydrogen atom, where the hole plays the role of the proton. However, instead of the
roughly 13.6eV binding energy (Rydberg energy) in atomic hydrogen, the excitonic Ryd-
berg energy is typically in the range of a few to a couple of hundreds of millielectronvolts.
This reduction in the pair-state binding energy is observed because the effective electron
and hole masses are smaller than the free electron and proton masses. Furthermore, the
semiconductor background dielectric constant reduces the Coulomb interaction strength
to roughly an order of magnitude lower than that of hydrogen. The hydrogenic character-
istics of the excitonic quasi-particles might give birth to speculations about the existence
of hydrogen-atom-like exciton pair-state populations or even higher bound complexes,
such as exciton molecules like biexcitons [4, 5].

In the past decade, the consistent microscopic analysis of semiconductor properties
on the basis of Coulomb-interacting electron and hole excitations has led to several new
insights [6–9] concerning the emergence of excitonic resonances in optical absorption,
and photoluminescence which is spontaneous light emission due to electron-hole pair
recombination.

Depending on the crystal growth process, semiconductors may contain different amounts
of impurities or vacancies in their structure. These might act as traps for the electrons
and holes which are traveling through the semiconductor. Impurities or vacancies may
have energy levels situated between the valence band and the conduction band. When an
electron or hole meets a vacancy it might be trapped in the lower energy level and, after
a certain time, decay from this level to the ground state. When the semiconductor has a
large diffusion constant, the chance of an exciton being trapped by a vacancy becomes
very large [10]. At higher temperatures, the number of phonons will increase leading to
a slower exciton diffusion. Therefore the particle trapping will be slower at higher tem-
peratures. Since the vacancies energy levels are situated between the valence band and
the conduction band, when the semiconductor is optically excited with an energy below
the direct bandgap, electrons from the valence band might be excited directly into the
vacancy bands. After a while they will recombine and relax to the ground state. Also, it
is possible that electrons which are excited to the conduction band recombine and relax
to the ground state in a two step process: in the first step they relax to the vacancy lev-
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els, and in a second step they relax to the ground level. In other words, the presence of
vacancies in semiconductors can strongly influence the optical and electronic properties
of the semiconductor.

4.1.2 Properties of Cu2O

Cuprous oxide (Cu2O) is a rather thoroughly studied direct-band-gap semiconductor. It
has several interesting properties related to the fact that the binding energy of the free
excitons is relatively large, 150 meV. For example, the large binding energy allows the
observation of a well-defined excitonic Rydberg series up to n = 9 in the absorption
spectrum of Cu2O [11]. Another consequence of the large binding energy is the fact
that the exciton radius is small, about 7 Å. This enables excitons to reach high densities
without a Mott transition, making Cu2O a promising candidate for the observation of
excitonic Bose-Einstein condensation (BEC). Due to its rich excitonic spectrum, small
Bohr radius, and relatively large binding excitonic energy (ranging from 150 meV in
the case of yellow exciton to 90 meV in the case of the green exciton), Cu2O has been
thoroughly studied during the last decades. However, there are still unanswered questions
related to the optical properties of Cu2O . The dynamics of optically induced carriers in
the far infrared or submillimeter region are still not well understood.

Cu2O crystallizes in a cubic lattice with two molecules per unit cell and space group
symmetry Oh

4 (Pn3m). The side symmetries of copper and oxygen are D3d and Td.
The band structure of Cu2O has in total ten valence bands and four conduction bands.
Electrons populating the two lowest conduction bands and holes populating the two low-

Figure 4.1: Schematic representation of the Cu2O structure. The oxygen sublattice is
depicted on the left. The coper sublattice is represented in the right side.

est valence bands interact with each other through a screened coulomb interaction and
form four series of excitons: yellow, green, blue and indigo (see fig. 4.2). The direct
energy gap between the highest valence band and the lowest conduction band is about
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2.17 eV. Interaction between the holes and electrons located in these two latter bands
give rise to the yellow excitonic series. The 1s level splits into a lower para (singlet) state
and a higher ortho (triplet) state. Because the conduction and valence bands have the
same positive parity, the direct radiative recombination of both ortho and paraexcitons
is dipole forbidden. The quadrupole recombination of orthoexcitons is allowed and has
been been observed as a weak peak in recombination spectrum. In contrast, the radiative
recombination of paraexcitons is forbidden in all orders. The lifetime of paraexcitons is
therefore relatively long. However, the observed para-exciton lifetime is generally lim-
ited by an exciton-impurity capture time, ranging up to several milliseconds in a good
sample [12]. This impurity-induced lifetime of excitons depends on the sample qual-
ity. For temperatures below 20 K, the lifetime of orthoexcitons is basically limited by
their down-conversion into low-lying paraexcitons. A precise determination of the Cu2O
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Figure 4.2: Possible optical transitions for Cu2O at k = 0. The continuous lines represent
dipole transitions while the broken lines represent quadruple transitions.

samples chemical composition [13] shows that the amounts of oxygen and copper can
slightly exceed that required by the stoichiometric composition. In other words, when
the samples will contain less oxygen than required by the 2:1 ratio of Cu:O, the sample
will contain oxygen vacancies. When the samples will contain less copper than required
by the 2:1 ratio of Cu:O, the sample will contain copper vacancies. The presence of these
vacancies results in three specific luminescence bands: in addition to one long-wave lu-
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minescence band centered around 930 nm which is attributed to copper vacancies, two
shorter-wave luminescence bands centered around 720 nm and 820 nm, attributed to oxy-
gen vacancies [13, 15]. Oxygen vacancies VO

2+ can exist in Cu2O in three states: VO
2+,

an unoccupied vacancy with a double positive charge with respect to the lattice; VO
2+e−,

a one-electron vacancy, positively charged with respect to the lattice; VO
2+e−e−, a two-

electron vacancy, neutral with respect to the lattice. The ground levels of these vacancies
are situated above the valence band, in the forbidden energy gap, in the order indicated
in fig. 4.3. It is assumed that the short-wave luminescence band is emitted from the
VO

2+∗e− state (we designate the excited state by a star) which can arise either as a result
of a VO

2+ center trapping an electron from the conduction band, either by local excita-
tion of a VO

2+e− center (fig. 4.3 d)). The medium-wave luminescence band is emitted
from a VO

2+e−∗e− state formed either as a result of trapping of an electron by a VO
2+e−

center from the conduction band or by local excitation of a VO
2+e−e− center (fig. 4.3 e)).

Thus a condition for the appearance of the short and medium-wave luminescence bands

Conduction band

Valence band

hgfedcba

Figure 4.3: Schematic representation for oxygen vacancies levels and their electron pop-
ulation. a, b, c) Energy levels for oxygen vacancies [a) VO

2+; b) VO
2+e− ; c)

VO
2+e−e−]; d) Short-wave luminescence emission from a VO

2+∗e− state; e)
Medium-wave luminescence emission from a VO

2+e−∗e− state; f), g) Build
up of VO

2+ centers through hole absorption from the valence band; h) Build
up of VO

2+e−e− centers through electron absorption from the valence band.
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through local excitation is the presence of VO
2+e− and VO

2+e−e− centers. The condi-
tion for their appearance through lattice excitation is the presence of the corresponding
VO

2+ and VO
2+e− centers. Within the described picture, the conversion probability exists

from one type of center into another as a result of two simple processes: the trapping of
electrons and holes from the valence band.

We can look now at the luminescence spectra of Cu2O . The spectrum is displayed in
fig. 4.4. The samples have been grown by different growers and the main difference be-
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Figure 4.4: Luminescence spectra of the measured Cu2O samples at 20 K. Sample 2
has been grown by a different grower and contains a different amount of
impurities.

tween them is the amount of impurities. Sample 2 for example, does not display a strong
luminescence band around 920 nm, which implies a very small amount of Cu impurities.
Four luminescence bands are clearly observed. The first one, situated around 625 nm is
due to the excitons created by the excitation pulses. The second band, centered around
720 nm, is attributed to the VO

2+e− type oxygen vacancies. The luminescence band
centered around 820 nm is attributed to the VO

2+e−e− type oxygen vacancies centers.
Finally, the last luminescence band, centered around 920 nm is attributed to the VO

2+

copper vacancy center.
A Cu2O crystal, having 8 mm in diameter and 0.73 mm thickness has been used to

perform terahertz time-domain (THz TDS) and optical-pump terahertz-probe transmis-
sion measurements. The setup used for this experiment as well as a detailed measurement
description are presented in section 2.4. We have excited the sample with 655 nm, but
also with 900 nm. The resulting frequency dependent absorbance spectra are presented
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Figure 4.5: Right side: frequency dependent absorbance spectra measured for different
excitation wavelengths at 18 K. Left side: frequency dependent absorbance
spectra measured in two different samples. Sample 2 was measured 3 ps after
excitation, while sample 1 after 5 ps.

in terms of ε2 in figure fig. 4.5. What is different between these samples is that they were
grown by different labs and they contain different amounts of impurities. Therefore,
the excitation lifetime in sample 1 is about 15 ps, while in sample 2 in approximately
9 ps. Both samples were measured at 1/3 of their excitation lifetime. In this plot the
excitation with 800 nm induces clear changes in absorbance, while the excitation with
655 nm, 700 nm and 900 nm light results in flat frequency dependent spectra. Still, be-
cause the excitation beam fluence in the case of 655 nm and 700 nm excitation was low
(around 50 µJ/cm2) , compared with the 800 nm and 900 nm excitation beams fluence
(1000 µJ/cm2 and 300 µJ/cm2 respectively), this plot cannot be conclusive. Although
upon excitation with 655 nm and 700 nm, the sample does not display any increase in
absorption, we cannot be sure that this is not due simply to low fluence. Fig. 4.6 displays
the dielectric function spectrum obtained by simple THz TDS measurements, when the
sample was not optically excited.

Both, the real and imaginary frequency dependent components of the dielectric func-
tion are relatively flat, not varying. Their values are consistent with the literature values
obtained for an optically unexcited Cu2O sample.
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Figure 4.6: Real and imaginary components of the Cu2O dielectric function, measured at
18 K. Sample1 is not excited with any pump beam.
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4.2 Optical-pump Terahertz-probe Time-Domain Spec-
troscopy
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Figure 4.7: Induced change in THz transmission through Cu2O at 18 K, when the sample
is excited with an excitation pulse with energy of 1.2 mJ/cm2. In inset are
shown the first 15 ps.

An 800 nm infrared beam at a fluence of 1 mJ/cm2 induces a change in the THz
pulse transmission through the Cu2O sample. The strongest induced absorption takes
place at low temperature, and is depicted in fig. 4.7. This measurement has been taken
monitoring the transmitted THz pulse peak amplitude, while changing the delay between
the optical excitation pulse and the THz pulse. We have chosen τ = 0, the time where a
change in transmission is first observed. We would like to split this plot in three distinct
parts: the first one, immediately after τ = 0, where a sharp decrease in transmission is
observed (takes approximately 8 picoseconds), shown in the inset. The second part can
be described by a fast exponential , with t1 = 13.2 ps. And finally, the third part, which
can easily be described by a slow exponential, having t1 = 425 ps. Figure 4.8 displays
a few dielectric function spectra, measured during these three distinct types of behavior
after the excitation moment. In the upper part of the figure a set of spectra is shown, taken
during the fast rise in absorption, after 6 ps from the excitation moment. A clear signa-
ture of an oscillation can be seen in both real and imaginary dielectric function around
0.9 THz. This signature is also present in the spectra taken 11 ps after the excitation, but
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Figure 4.8: Dielectric function real and imaginary spectra, measured at different times af-
ter the excitation moment. The first set of spectra is taken during the fast rise
in absorption, after 6 ps from the excitation; the second one is taken during
the fast exponential decrease in absorption, after 11 ps from the excitation;
the third set is taken during the slow exponential decrease in absorption, after
840 ps from the excitation moment. After 6 and 11 ps an oscillator signature
is observed in both ε1 and ε2, indicated by arrows. After 840 ps the oscillator
signature is not present anymore.

here is situated around 0.55 THz, so we witness a movement towards lower frequencies
of the oscillation. Finally, after 840 ps, the oscillator signature is not present anymore.

It is clear at this point that optically exciting the sample with 800 nm infrared pump
pulses, having 1.2 mJ/cm2 energy, at 18 K, results in a considerable change in the sample
absorption. In the following we will consider only the excitation with 1.2 mJ/cm2 fluence.
The time evolution of the induced absorption can be probed by means of THz TDS.
Terahertz transmitted pulses have been measured at different times related to the τ = 0
excitation time.
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Before continuing, we would like to define a few parameters of a terahertz pulse,
which will be used in order to describe the changes in the transmission induced by optical
excitation. We will concentrate in the following on the first two timescales in transmis-
sion spectra, namely the sharp rise in absorption and the fast exponential decay which
follows immediately there after (see fig. 4.7) because we have seen earlier that the most
spectacular changes in absorption are taking place in these two regions.

A few of the measured THz pulses are presented in figure 4.9. The transients are
separated in two plots: in the left side are presented the pulses taken during the sharp
rise in absorption; in the right side the pulses taken during the fast exponential decay in
absorption are displayed. Considerable changes with time are easily observed in these
pulses. Looking at the left side plot, a change with time is noticed in both, the THz pulse
amplitude and shape. Second, there is a phase shift towards earlier times of the positive
THz peak which is at early times at 0 ps on the x axis, and then shifts to 0.24 ps on
the x axis 5 ps after the excitation. A third THz peak, a positive one, starts to develop,
positioned around 0.77 ps on thex axis(it can be clearly seen in the pulse taken 5 ps from
the excitation). Furthermore, a big decrease in the THz pulse amplitude with time can be
noticed.

Looking at the pulses taken during the fast exponential decay in absorption (pre-
sented in the right plot), a shift toward later times of the positive THz peak is noticed.
Furthermore, an increase in the THz pulse amplitude with time takes place. The Fourier
transformation of these pulses have been calculated and presented in figure 4.10. An ab-
sorption peak is observed first at 3 ps after the photoexcitation, and it is shifting towards
lower frequencies until around 8 ps after excitation.

A two dimensional terahertz spectral analysis has been performed on the time traces
as described in sections 2.3.1 and 2.4. As a result two main quantities have been ex-
tracted: not only the change in absorbance, but also the phase shift of all frequency
components contained in the probe field. This information can be expressed in terms of
complex dielectric function spectrum ε(ω, τ)=ε1(ω, τ)+iε2(ω, τ), or in terms of complex
optical conductivity spectrum σ(ω, τ)=σ1(ω, τ)+iσ2(ω, τ), which depend parametrically
on time τ after photoexcitation. In principle, the experimentally determined absorption
and phase shift of the THz field are fully and uniquely determined by ε(ω, τ) or σ(ω, τ).
This quantities are depicted together in figure 4.11.

We will investigate in the following the induced change in absorbance which is di-
rectly related to the imaginary part of the dielectric function ε2(ω, τ). Figure 4.11 dis-
plays in the upper right part ε2(ω, τ) at different times (between 3 and 16.25 ps) after
photoexcitation. The open circles represent the sample terahertz response before pho-
toexcitation. Two striking effects can be immediately observed. First, a ”mode” gradu-
ally develops at high frequencies after 3 ps from the excitation, and second, this ”mode”
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Figure 4.9: Terahertz time traces measured at different time intervals from the excitation
time τ = 0. The measurement has been performed at 18 K with an excitation
pulse energy of 1.2 mJ/cm2.

becomes weaker whilst shifting in time towards low frequencies and eventually disap-
pears after approximately 15 ps after excitation. In the overall behavior displayed by
ε2(ω, τ) two components can be identified: first, the free electrons present in Cu2O will
induce a Drude response which is most clearly observed at later times τ ≥ 14 ps.

The second effect observed can be best described by the dielectric function response
of an oscillator. This can be represented as a Lorentzian pulse and can be characterized
by three properties: peak position in frequency, pulse width, and integrated area below
the pulse.
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formed at 18 K with an excitation pulse energy of 1.2 mJ/cm2..
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Figure 4.11: The real and imaginary parts of the dielectric function and optical conduc-
tivity, measured at different time intervals relative to the excitation time τ
= 0. The measurements have been performed at 18 K with an excitation
pulse energy of 1.2 mJ/cm2. The open circles represent the sample response
without optical excitation.
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Figure 4.12: Temperature dependence of the terahertz time traces Fourier transforms
measured at 5 ps from the excitation time τ = 0. The measurement has
been performed at 18 K with an excitation pulse energy of 1.2 mJ/cm2.

The absorption peak can be once more recognized in the terahertz pulses Fourier
transforms, measured at different temperatures between 17 K and 250 K using gener-
ating pulses with energies of 1.2 mJ/cm2 (see fig. 4.12). Between 17 K and 100 K
the absorption peak is clearly present, but it disappears somewhere between 100 K and
150 K. As the temperature increases, the peak slightly shifts towards higher frequencies,
while its amplitude decreases. Still, although a general trend can be observed (a shift
and the decrease in absorption peak amplitude), the observed behavior is erratic. Due
to the erratic behavior one would like to see this temperature dependence measurements
reproduced.

4.2.2 Power dependence

We have shown that exciting the Cu2O sample with 800 nm pulses, each of these pulses
carrying 1.2 mJ/cm2 energy, induces a change in absorbance which can intuitively be ex-
plained as the effect of two contributions: a Drude like response attributed to free carriers
and a second contribution which can be described by a resonant response. A question
which might arise is how is the resonant response changing when the energy carried by
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the excitation pulses changes. In order to answer this question we have performed power
dependence measurements at τ = 6.5 ps after the moment of excitation. This particular
time has been chosen because here the lorentz shaped response is fully developed and
the Drude + Lorentz behavior is easily recognizable. The results are presented, for con-
venience, in terms of real optical conductivity σ1 who is directly related to the imaginary
part of the dielectric function.

-2 -1 0 1 2

-2

0

2
18K
6.5ps 0.044 mJ/cm2

 0.111 mJ/cm2

 0.177 mJ/cm2

 0.344 mJ/cm2

 0.799 mJ/cm2

 1.160 mJ/cm2

am
pl

itu
de

 (a
rb

. u
ni

ts
)

time (ps)

Figure 4.13: Power dependence of the transmitted terahertz pulses. The measurements
have been performed at 18 K and at τ = 6.5 ps after photoexcitation.

Fig. 4.13 displays the transmitted terahertz transients power dependence measured at
6.5 ps after photoexcitation. A linear dependence can be observed for pulses with energy
below 0.8 mJ/cm2. For pulses with higher energies, a saturation regime can be observed.
Fig. 4.14 displays how the observed behavior changes for different excitation powers.
A shift towards low frequencies of the pulse can be observed as well as a decrease in
strength. For pulse energies below 0.1 mJ/cm2 the pulse shape becomes hardly visible.

Let’s look now how do the characteristic pulse parameters: integrated area, peak
position and peak width, behave with the change in excitation pulse energy. The peak
position has been obtained taking the frequency value corresponding to the highest am-
plitude of every σ1 curve. Width of the pulse has been evaluated using at FWHM, while
the integrated area below the pulse has been calculated by Origin. Changes in the in-
tegrated area are presented in fig. 4.15. A linear increase in the integrated area with the
excitation pulse energy is displayed.

Figure 4.16 depicts the peak position power dependence. The peak position increases
linearly with the excitation pulse energy.
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Figure 4.14: Power dependence of the real part of the optical conductivity, σ1. The mea-
surements have been performed at 18 K and at τ = 6.5 ps after photoexcita-
tion.
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Figure 4.15: Integrated area below the peak, evolution with excitation pulse energy. Mea-
surements have been performed at 18 K and at τ = 6.5 ps after photoexcita-
tion.

The pulse width is the last parameter that we have investigated in terms of evolution
with excitation pump pulses energy. This evolution is presented in fig. 4.17. Unlike the
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Figure 4.16: Peak position evolution with the excitation pulse energy. Measurements
have been performed at 18 K and at τ = 6.5 ps after photoexcitation.

integrated area and peak position who increase linearly with the pump pulse energy, the
width does not vary a lot, remaining approximately constant around 0.6 THz.

0.0 0.5 1.0
0.0

0.2

0.4

0.6

0.8

18 K

6.5 ps

power (mJ/cm2)

w
id

th
 (T

H
z)

Figure 4.17: The peak width (FWHM) evolution with excitation pulse energy. Measure-
ments have been performed at 18 K and at τ = 6.5 ps after photoexcitation.
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4.3 Theoretical considerations

4.3.1 Drude + Lorentz mathematical description

We will try now to build a mathematical description able to roughly describe our ex-
perimental observations. We have shown that the experimental frequency dependent
absorption spectra is composed from two main contributions: a free carriers contribution
and some local oscillator component. In the following we will describe the free carrier
contribution by a Drude like dielectric response while the local oscillator contribution
can be described by a Lorentz oscillator dielectric response.

The real part of the dielectric function can then be given by:

ε1(ω) = εb +
A(ω2

0 − ω
2)

(ω2
0 − ω

2) + ω2γ2
−

Fdτ

1 + ω2τ2 (4.1)

where εb is the background dielectric function, A the oscillator strength, x0 is the Lorentz
pulse peak position, γ the pulse width, Fd = ω2

p is the plasma frequency square and τ is
the collision time of the free electrons. Using the same notations then the absorptive part
of the dielectric constant will be :

ε2(ω) =
Aωγ

(ω2
0 − ω

2) + ω2γ2
+

Fd

(1 + ω2τ2)ω
(4.2)

where the plasma frequency is defined as

Fd = ω2
p =

Ne2

ε0m0
(4.3)

Further we have fitted the frequency dependent imaginary dielectric function to a
Drude + Lorentz theoretical imaginary dielectric response. In figure 4.19 we present a
few examples of fits for different delay times after photoexcitation. This model has a
total of five parameters. At a certain time after photoexcitation, the dielectric function
is obtained performing THz spectral analysis. Then, both real and imaginary parts of
ε are fitted using the above mentioned mathematical description. However, a decent
fit could only be obtained only when four parameters are kept identical for ε1 and ε2,
while the fifth is allowed to be different (see 4.18). In these fits, only ω0, A, γ, and τ
are kept constant, while Fd is different. A questions arises: why is not possible to do a
complete fit? We think that that during the THz spectral analyze, there is an uncertainty
in calculating the phase, which introduces the same uncertainty in calculating ε1. On the
other hand, calculating ε2 is a straightforward mathematical process without much room
for errors. Therefore we have decided to rely in our analyze only on the imaginary part
of the dielectric function, ε2.
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Figure 4.18: A few examples of fits with the Drude + Lorentz mathematical description.
The open hexagons represent experimental data and the black lines a fit to
the Drude + Lorentz mathematical description. Only ω0, A, γ, and τ are
kept constant, while Fd is different between ε1 and ε2.
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4.3.2 Drude+Lorentz fit parameters. Time and power dependence

We have decided to fit with the Drude + Lorentz mathematical description all experi-
mental data. A series of different parameters have been resulting from the fitting. Three
of them are characteristic to the Lorentz component of the imaginary dielectric function:
the pulse peak position, pulse width and pulse strength. Other two parameters are char-
acteristic to the imaginary dielectric function Drude component: the plasma frequency
and collision time. All these parameters might provide additional information about the
time evolution of the induced excitation. Therefore, in the following we investigate the
time evolution of them all.
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Figure 4.19: Dielectric function real and imaginary parts, fited with the Drude + Lorentz
mathematical description. Open hexagons represent experimental data and
black lines a fit to the Drude + Lorentz mathematical description. The open
circles stand for the Drude contribution to the dielectric function, while the
open stars stand for the Lorentz contribution.
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Figure 4.20: The peak position versus the time τ after photoexcitation. The solid line
represents a fit to a first order exponential decay with t1 = 3.54 ps.

Figure 4.20 describes the peak position as a function of time τ after excitation. The
position moves between 1.2 THz and 0.5 THz while the time evolves between 5 and
13 ps. An exponential decrease manages to decently describe this movement. The solid
line represents a data fit to a first order exponential decay with a lifetime t1 = 3.5 ps.
The integrated area below the pulse is directly related to the peak intensity or strength.
This area which was calculated and is displayed in fig. 4.21, has a behavior similar to
the one displayed by the peak position. It exponentially decreases with time τ, after
excitation. The data has been fitted again to a first order exponential decay with t1 =

1.79 ps. The last parameter characteristic to a Lorentzian pulse is the pulse width. From
fig. 4.11 (top right), is visible that the Lorentzian pulse does not only shifts its position
to lower frequencies, but with this shift, width is also decreasing. For each absorptive
part of the dielectric function in fig. 4.11 (top right), we have approximated the width
of its Lorentzian component. The width time evolution is revealed in fig. 4.22. There
is an exponential decrease of the width from 1.2 THz to 0.4 THz. A fit to a first order
exponential decay gives us the exponent lifetime t1 = 2.19 ps. There are also two pa-
rameters resulted from fitting which are characteristic for the Drude component of the
dielectric function: collision time and plasma frequency. Figure 4.23 displays the colli-
sion time taken at different moments after photoexcitation. No significant changes seem
to appear in the time interval between 3 and 16 ps after photoexcitation. Figure 4.24
displays the plasma frequency time evolution after photoexcitation. Like the collision
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Figure 4.21: The peak strength obtained at different times τ after photoexcitation. The
solid line represents a fit to a first order exponential decay with t1 = 1.79 ps.
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Figure 4.22: Peak width obtained at different moments after photoexcitation. The solid
line represents a fit to a first order exponential decay with t1 = 2.19 ps.

time, the plasma frequency remains constant in the time interval between 3 and 16 ps
after photoexcitation.
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Figure 4.23: The collision time evolution at different times after the optical excitation.
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Figure 4.24: The free carriers density obtained at different moments after photoexcita-
tion.
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Figure 4.25: The integrated area below the Drude component of the Drude + Lorentz
mathematical description.

The integrated area below the Drude component of the Drude + Lorentz mathematical
description is depicted in fig. 4.25. No variations of the integrated area with the time after
photoexcitation can be observed.

4.3.3 Drude + Droplet mathematical description

However, the local oscillator dielectric contribution might be related to the VO
2+e− oxy-

gen vacancy in a different way. The oxygen vacancies might trap around them a number
of free electrons or excitons. From this perspective, oxygen vacancies might be seen now
as ”droplets” of trapped electrons or excitons in the material. Another theoretical model
can then be developed in order to describe the observed imaginary dielectric function.
The effective medium theory (EFT) [14] can be used to evaluate the dielectric function
of a media composed of two components: in our case the first contribution to the dielec-
tric function is given by the Cu2O crystal in the absence of photoexcitation. The second
component is given by the ”droplets” of trapped electrons or excitons in the material.

The free electron model for a doped semiconductor takes into account the mobility
of the electrons and holes as well as the contribution in polarization due to the optical
response of the bound electrons.

D = εrε0ε = ε0ε + Pother + P f reecarrier = εBε0 −
Ne2ε

m∗(ω2 + iγω)
(4.4)
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where Pother accounts for the polarizability of the bound electrons and m∗ is the effective
mass of the free carriers. Without ”droplets”, the medium dielectric function is given
by a combination between the dielectric function of the material (before pumping) and a
Drude response of the induced free carriers.

εB(ω) = εb

(
1 −

ω2
p1

ω2 + iωτ1

)
(4.5)

where ω2
p1 is defined as

ω2
p1 =

Ne2

εBε0m∗
(4.6)

and εb is the ”background” dielectric function (the one that would be obtained without
exciting the sample), ωp1 induced free electrons plasma frequency, τ1 their collision time;
and a dielectric function given by the ”droplets” created as a result of optical excitation:

εM(ω) = εb

(
1 −

ω2
p1

ω2 + iωτ1

)(
1 −

ω2
p2

ω2 + iωτ2

)
(4.7)

These two components can be summed using the effective medium response theory [14],
which for a small ”droplets” density, gives:

ε = εb

(
1 +

3 f (εM − εB)
εM + 2εB

)
(4.8)

where f is the filling factor and represents the ration of the volume occupied by ”droplets”
to the total unit cell volume. A few examples of fits with this second theoretical dielectric
function is presented in fig. 4.26.
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Figure 4.26: A few examples of fits to the Drude + ”droplet” mathematical description.
The open hexagons represent the experimental data while the black lines
represent a fit to the Drude + ”droplet” mathematical description. Open cir-
cles stand for the Drude contribution while open stars stand for the ”droplet”
contribution.



4.3. Theoretical considerations 107

4.3.4 Drude+Droplet fit parameters. Time and power dependence

Once again we will reveal the time evolution of all parameters used in this model. The
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Figure 4.27: ”Background” dielectric function obtained for different times after photoex-
citation. During the measurements, the excitation pump pulse energy was
1.2 mJ/cm2.

first parameter we present is the ”background” dielectric function εb in figure 4.27. This
is the dielectric function of the sample when no excitation pulse excites it. We notice a
decrease with time of the ”background” dielectric function.

First the plasma frequency, which characterizes the free induced electrons, time evo-
lution is depicted in figure 4.28. There is no clear observable time evolution of this
parameter - remains relatively constant in time. The induced free electrons collision time
(the time the electron travels in the sample without collisions) is presented in figure 4.29.
A decrease with time of the free electron mean free path can be observed. Droplet elec-
trons collision time is displayed in figure 4.30. The mean free path of the electrons who
are concentrated around the impurities and form the droplets does not seem to variate as
the time pases from the photoexcitation moment τ = 0.

We will look now how the plasma frequency of the droplets electrons evolves in time
(see fig. 4.31). We notice the same time evolution as in the case of droplet electron
main free path, namely a decrease in droplets electrons plasma frequency with time after
photoexcitation.
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Figure 4.28: Free induced electrons plasma frequency obtained for different time mo-
ments after photoexcitation. The pump pulse energy was 1.2 mJ/cm2.
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Figure 4.29: Induced free electrons collision time obtained at different moments after
photoexcitation. The excitation pump pulse energy during these measure-
ments has been 1.2 mJ/cm2.
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Figure 4.30: The droplet electrons collision time obtained for different times after pho-
toexcitation. During the measurements, the excitation pump pulse energy
was 1.2 mJ/cm2.
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Figure 4.31: The droplet electrons plasma frequency at different moments after photoex-
citation. During the measurements, the excitation pump pulse energy was
1.2 mJ/cm2.
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Figure 4.32: The filling factor f, obtained for different moments after photoexcita-
tion. During the measurements, the excitation pump pulse energy was 1.2
mJ/cm2.

The last parameter which is used in order to describe the droplet mathematical de-
scription is the filling factor f . Its time evolution is depicted in figure 4.32. f displays a
random variation after photoexcitation.

The integrated area below the Drude component of the Drude + Droplet mathematical
description is displayed in fig. 4.33. A decrease of the integrated area with the time after
photoexcitation can be observed.
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Figure 4.33: The integrated area below the Drude component of the Drude + Droplet
mathematical description. During the measurements, the excitation pump
pulse energy was 1.2 mJ/cm2.
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4.4 Summary and preliminary discussions

As described in the previous section, one may see that the ”Drude + Lorentz” mathemat-
ical description describes well the imaginary dielectric function at low frequencies and
at early times, just after the photoexcitation. However, our fits still lead to the conclusion
that ”Drude+Droplet” mathematical description describes the induced Cu2O terahertz
response as well, with essentially identical results. At this point we would like to shortly
summarize the main experimental observations.

First of all we noticed a change in Cu2O sample absorption at 18 K, upon optical exci-
tation with 800 nm light. This excitation triggered two phenomena: the creation of some
particles by a two-photon excitation process (since the energy gap is 2.17 eV) and a local
excitation process (creation of another type of particle) which is viewed as a resonance
absorption peak in the far-infrared region. The Drude like response can be well explained
by the creation of the free carriers in the system. The main difficulty is to understand the
origin of the induced absorption peak. In general, this narrow absorption line can be
described as an oscillator response. The intensity of the absorption peak is decreasing
with time (in a few picoseconds) and shifts towards lower energies: from 3 to 1.5 meV.
The power dependence of the absorption peak strength is linear up to 0.6 mJ/cm2 with
a saturation above this power density value (see fig. 4.15). An interesting observation
is that the same shift of the oscillator towards lower energies with decreasing the pump
power density is present. Another unexpected observation, although one would like to
see this type of measurement reproduced, is a step like behavior with the increase in tem-
perature: while below 100 K, the absorption peak is clearly visible, somewhere between
100 K and 150 K it completely disappears.

We performed different experiments, in which we varied the excitation pulse energy
(see fig. 4.33). The only one which resulted in a considerable change in absorption
was the 800 nm excitation. Our measurements have been performed on two different
Cu2O samples. The difference of these samples lies in the amount of oxygen and copper
impurities, which relative concentration can be easily determined from the luminescence
experiment (see fig. 4.4). As one may see from fig. 4.4, there is a luminescence band
centered around 820 nm, attributed to the charged oxygen vacancy. This charged vacancy
state can be formed by taking out the neutral oxygen ion from the lattice. Owing to its
double effective positive charge, it may bind one electron resulting in a VO

+. Optical-
pump terahertz-probe experiments have shown different sample dielectric responses in
the terahertz range: 0.2 to 2.5 THz for different samples: the induced absorption seems to
live longer in the sample with high oxygen vacancy concentration. Both last results, even
with a linear power dependence, seem to indicate that the observed induced absorption
peak might be impurity VO

+ related.
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One question might naturally follow: what physical process can be responsible for the
observed resonance? In direct-gap semiconductors, the sample response might change
dramatically, when the photo-excited carriers spatial distribution is inhomogeneous (see
fig. 3.18 and fig. 4.34a)). For example, when the photoexcited carriers density is high,
they might condensate and form electron-hole liquid droplets [32]. The droplet phase
response of the direct-gap semiconductor might then reveal a resonance in the dielectric
function. It has been shown that in Ge there is a resonance feature of the effective dielec-
tric function εe f f at the frequency ωp/

√
3 [17]. Where ωp =

√
4πne2/εbm is the plasma

frequency, and : n, m and e are the effective carriers’ density, mass and electric charge, εb

is the sample dielectric function before photoexcitation. Let’s try to apply these consid-
erations now to Cu2O . For an electron-hole droplet, the plasma frequency can be scaled
with the exciton binding energy through ~ωp =

√
12/r3

s Eex, where Eex is the exciton

binding energy and rs is a dimensionless parameter defined as rs =
3
√

3/4πna3
B [18].

Here n is the exciton density and aB the Bohr radius. For Cu2O , aB = 7 x 10−10 m and
the yellow exciton binding energy is about 150 meV while the green excitonic binding
energy is about 90 meV. Simple calculations show that in order to reach the electron-hole
droplet phase in Cu2O one would need to create an exciton density of at least 1021 cm−3.
During our experiments we have been able to obtain a density of only 1015 cm−3. For
an electron density of 1015 cm−3, using the last two formula’s we estimate a plasma fre-
quency of about 500 meV, which is far away from our THz spectrometer range. Starting
from the exciton binding energies, in order to obtain a plasma frequency, in our range, of
3 meV (in the case of yellow exciton) or 2 meV (in the case of green exciton) necessary
for an electron-hole droplet phase, we need an exciton density of 1036 cm−3. These high
excitonic densities are physically impossible to reach. Therefore, we conclude that the
resonance observed in Cu2O after photoexcitation cannot be the response of an electron-
hole droplet phase.

Considering the energy scale at which the resonance appears, namely a few meV, an-
other possibility captured our attention. Looking for particles which have their binding
energy comparable with meV, we found out that, in Cu2O , the possibility exists to create
an excitonic molecule (fig. 4.34 b)). This would be composed from two excitons and
their binding energy would be around 3.3 meV for the biexciton formed by two yellow
excitons, and around 16 meV for a biexciton formed by two green excitons [19]. This
energies fit well with the energy where the resonance is observed in our experiment.
Exciting with 800 nm (1.55 eV) pump pulse energy we can create excitons only via
two-photon absorption to the blue excitonic series with a consequent relaxation into the
yellow and green one. Therefore, one might expect quadratic behavior of the absorption
peak strength with respect to the power density, which is, as a matter of fact linear (see
fig. 4.15). Moreover, if the resonance would be the response of an excitonic molecule



114 Chapter 4. Induced terahertz response in Cu2O

Figure 4.34: Discussion about possible processes, which might give an induced response
in the far-infrared region: a) electron-hole droplet formation, b) ecitons for
the excitonic molecule (biexciton, c) bound biexciton to the cristal imper-
fection, d) optically induced dipoles(electrons plus charged oxygen vacancy
center).

gas, then a resonant excitation of the excitonic series (yellow, green, blue and indigo)
would result in an enhancement of the exciton density and a stronger dielectric response.
Surprisingly, not only that the dielectric sample response was not enhanced upon reso-
nant excitation, but the resonance was not observed anymore. However, the results are
not reliable, since the power density in experiments with different pulse energies was
different.

From another point of view, since the sample dielectric response can be impurity
related, another possibility occurs: a dense bi-excitonic gas bound around the impurity
centers VO

+ (see fig. 4.34 c)). This idea is consistent with the observed type of power
dependence: a linear power dependence at low excitation pump pulse followed by a sat-
uration at high excitation pump pulse (fig. 4.15). Based on the experiments discussed
above, using resonant excitation to the yellow and green excitonic series, we can prelim-
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inary conclude that the observed resonance cannot be exciton related. Unfortunately, the
clean experimental prove needs to be done to state something definite.

Since the induced response is present when the excitation is 1.55 eV, we might be
directly exciting a weakly bound impurity state, which contains a resonant transition
in the THz range. For example, using the incident photon of approximately 1.55 eV
energy, one may excite an electron to the VO

+ impurity state, and create a dipole in the
system (see fig. 4.34 d)). Spatially distributed dipoles will interact through the dipole-
dipole interaction. For preliminary calculation of the interaction energy, we can assume
the dipole moment to be on the order of the unit cell size. For an interaction energy
being in the discussed range, the concentration of oxygen vacancies, VO

+, should exceed
1018 cm−3. This value is way below than calculated in [22] and is around 1015 cm−3.

In conclusion, we must say, that at this point there is no straightforward statement,
which can be done, in order to explain the observed effects and their time dynamics.
Therefore, additional experiments are required to prove or disprove the above discussed
possibilities, or to propose new ones.
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Chapter 5

Terahertz response of EuO thin
film

5.1 Introduction

In this chapter we will use optical-pump terahertz-probe spectroscopy to investigate the
carrier dynamics of photoinduced carriers in Europium monoxide (EuO). EuO is a ferro-
magnetic semiconductor, and therefore a potential spintronics material. The macroscopic
properties of this compound depend strongly on the exact stoichiometry. For Eu rich
EuO, the transition to the ferromagnetic state at the Curie temperature is accompanied by
a change from a semiconductor to a (bad) metal.

In the first part of this chapter we will briefly review some previous work on EuO,
relevant to the present experiments. The second part of this chapter presents and dis-
cusses the THz-TDS and optical-pump THz-probe investigations on EuO thin film. The
chapter ends with a short discussion of the obtained results.

5.2 Structure and growth

EuO has a rock salt structure, with a lattice constant which decreases from 5.144 Å at
room temperature to 5.127 Å below 10 K [1]. The density of Eu atoms in EuO is 44 %
higher than in Eu metal, and is only 3 % lower than the concentration of Gd atoms in fer-
romagnetic Gd metal. Europium monoxide has an ionic Eu2+O2− character, therefore the
electronic configuration of europium is [Xe]4 f 75d06s0 (highest valence band) while the
electronic structure of oxygen is 1s22s22p6. The lowest conduction band has primarily a
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4 f 65d1 nature. It has been shown that large homogeneous crystals of EuO can be grown
at temperatures of around 1800◦C [2–4]. The stoichiometry of the resulting EuO crystals
depends significantly on the growth temperature. When the stating composition contains
excess oxygen, part of the europium atoms will become Eu3+ ions, resulting in Eu3O4

and Eu2O3 formation, as well as the presence of Eu vacancies (see [5–7]). EuO may also
be grown in thin film form by reactive evaporation of Eu metal in a low oxygen pressure
while heating the substrate to ∼ 400◦C. The EuO thin film sample we measured has been
grown by molecular beam epitaxy (MBE) in the group of Prof. Hao Tjeng at the univer-
sity of Cologne using a method developed by Steeneken et al. [12]. High purity Eu metal
was evaporated from effusion cells and molecular oxygen was supplied simultaneously
through a leak valve. The formation of oxides like Eu2O3 and Eu3O4 has been prevented
by setting the Eu evaporation rate higher relative to the oxygen dosing to obtain an ex-
cess of Eu. At the same time, the substrate temperature is kept high enough to enable
the non-reacted Eu to re-evaporate from the film. The growth rate is then determined by
the oxygen dose rate. If the distillation condition is not used, one is confronted with the
difficult task of controlling very precisely the ratio between Eu and O, in order to obtain
(quasi) stoichiometric EuO [8].

5.3 Optical properties

The optical properties of EuO are particularly interesting. They change spectacularly
upon lowering the temperature or applying a magnetic field and are a good probe into
the electronic structure. The most interesting part of the optical spectrum is dominated
by transitions from the 4 f valence band orbitals to the 5d - 6s conduction band across
the gap of 1.15eV. The phase transition into the ferromagnetic phase at Tc = 70 K is
accompanied by a large (∼ 0.3eV) shift of the optical absorption edge to lower ener-
gies [18–20]. This anomalous shift of the band edge is illustrated in figure 5.1, which is
obtained by Freiser et al. from optical experiments [19]. This shift is partly the result of
direct exchange interaction between the polarized Eu 4 f spins and the conduction elec-
trons, which pushes the spin-down band to higher energies and the spin-up band to lower
energies, thus reducing the gap. Steeneken et al. have studied the electronic structure of
EuO thin films using spin-resolved photoemission spectroscopy and found an exchange
splitting of the conduction band as large as 0.6 eV [21]. From these observations the
authors concluded that electron doped EuO should be 100 % spin-polarized, making this
material a unique candidate for spintronics applications. Not surprisingly, the magneto-
optical phenomena of EuO are among the strongest known, with a Verdet constant of 7.5
× 105 deg/cm [23] and a Kerr rotation of 7.1 degrees [22]. It has been claimed that this
latter can be enhanced to 70 degrees by growing thin EuO films on Ag metal [24, 25],
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Figure 5.1: Shift of the absorption edge at the magnetic ordering transition in EuS and
EuO . (Figure reproduced from [19], with permission).

but this might in fact be due to the Faraday effect in the thin film in combination with
an enhancement of the (magneto-optic) fresnel factors. Even though less relevant for
the present work, it should be noted that one expects that optically pumping EuO with
800 nm light (about 1.55 eV) as is done in this work, should lead to a fully spin-polarized
population of the conduction band.
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5.4 Transport properties
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Figure 5.2: Transport properties of EuO from different sources. Left side: resistivity
temperature dependence for EuO thin film with differend degrees of non-
stoichiometry. Eu/O ratio decreases from curve a to curve d. Reproduced
from [9], with permission. Right side: resistivity temperature dependence at
different applied external magnetic field values, reproduced from [14], with
permission.

A selection of resistivity curves, measured on different EuO1±x samples is shown in
Fig. 5.2. Eu rich, EuO samples reveal a large reduction of the resistivity in the ferro-
magnetic state, which can exceed 12 orders of magnitude [3]. The resistivity of crystals
grown under different conditions show substantial variations, again demonstrating the
sensitivity of EuO to its stoichiometry. This concerns for instance the magnitude of the
resistivity change close to Tc and the resistivity upturn below 20 K. It has also been shown
that the resistivity of EuO thin films is different from that of crystals, it, for instance, does
not show a temperature independent or an activated high-temperature resistivity (see Fig.
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Figure 5.3: Resistivity temperature dependence of a quasi stoichiometric (QS) EuO thin
film, reproduced from [15], with permission. The arrow is an indication for
TC .

5.2 left side). Moreover, epitaxial films do not show the pronounced resistivity cusp near
Tc, nor the hump near 50 K. Fig. 5.3 displays the resistivity as function of temperature
in the case of a quasi stoichiometric (QS)EuO thin film. For this sample Tc is around
72 K. Upon the application of a magnetic field on the Eu-rich EuO, another spectacular
effect occurs: the resistivity changes by six orders of magnitude at temperatures close to
Tc, as shown in Fig. 5.2 right side. In fact , there is a large class of ferromagnetic ma-
terials with a large negative magnetoresistance around their Curie temperature. Among
these we mention the manganites [26], (Hg,Cd)Cr2Se4 [27], EuB6 [28] and the diluted
ferromagnetic semiconductors like Ga1−xMnxAs [29]. The fact that that the resistivity
in some of these compounds depends only on the magnetization and does not explicitly
depend on temperature [30], suggests that the metal insulator transition is solely driven
by a change in the magnetization.

Although at this point the origin of the metal insulator transition in Eu rich EuO is
not unambiguously determined, several models have been proposed, all of them relating
the transition to the delocalization of doped carriers below the Curie temperature.
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5.5 Photodoping and field doping

In Gd substituted EuO, the amount of Gd introduced in the system has a spectacular effect
on the Curie temperature. When the Gd percentage increases between 0 and almost 4 %,
Tc increases as well, from 74 K to about 170 K. If the amount of substituent is increased
even more, between 4 and 19 %, Tc starts to decrease again, reaching a value which is
close to 80 K at 19 %. These spectacular changes in the Curie temperature are illustrated
in figure 5.4. Since the dependence of the Curie temperature on chemical doping in the

Figure 5.4: Variation of the Curie temperature with the amount of Gd dopant added to
EuO. The dotted line represents the result of a mean-field calculation. Figure
reproduced from [31], with permission.

Eu chalcogenides is very strong [31], it might also be possible to achieve an increase
in Curie temperature by optical injection of carriers in the conduction band. Earlier at-
tempts to dope electrons in the conduction band with high power pulsed lasers on EuS,
have shown that an increase in magnetization of ∆M/M ≈ 10−2 can be induced by light
(see [10, 11]). Several preliminary attempts to introduce charge carriers in EuO by ap-
plying a large electric field in a field effect transistor geometry have also been tried [12].
However, no significant effect of the field on the transport properties or the magneto opti-
cal Kerr effect was observed for gate voltages up to ∼ 5 V. At higher voltages, breakdown
of the dielectric layer occurred. Later, electric field induced ferromagnetism has been
observed in (In,Mn)As by Ohno et al [17]. A difference in Tc of 1 K was observed as
a result of a field-induced electron doping of ∼ 0.15 percent. Even larger changes in
the Curie temperature can be expected in Eu chalcenogides. Additionally, field induced
doping could allow studies of the doping dependence of the metal insulator transition in
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a controlled way. Finally we note that Steeneken has found that strong changes in the
resistivity of EuO can even be induced by light (see Fig. 5.5) [12].

Figure 5.5: Resistivity of an epitaxial EuO film. Although no metal-to-insulator transi-
tion is observed in the dark conductivity, the film (0.3 × 1 mm2 × 35 nm)
shows metallic behavior below ∼ 65 K upon illumination with a He − Ne
laser. Figure reproduced from [12], with permission.
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5.6 Motivation and scope

Due to their captivating physical properties, EuO and other similar Eu chalcenogides
like EuS, EuSe and EuTe, are one of the most thoroughly investigated classes of com-
pounds. Therefore, after more than half a century since their discovery, it might seem
very difficult to improve the theoretical, experimental, and technological understanding
of this compound. However, spectroscopic techniques have shown spectacular devel-
opments during the last few decades, leading , among others, to turn-key femtosecond
laser sources, advanced experimental possibilities at synchotron radiation sources, and
space and time resolved high resolution electron spectroscopies. In addition, thin film
technology for EuO has reached a mature stage, allowing for a very precise control of
both stoichiometry and doping. Despite these developments, a limited number of stud-
ies of EuO thin films using these methods have been carried out. Maybe because the
discovery of high-temperature superconductivity has shifted the attention of many solid
state physicist towards the cuprates and the structurally similar manganite systems. As
discussed in the previous sections, EuO displays many remarkable phenomena: it un-
dergoes a magnetization driven insulator to metal transition, displays colossal magneto
resistance, has large magneto-optical effects, is highly susceptible to doping, and is a
promising spintronics material.

In this chapter we study the properties of a (close to) stoichiometric thin film using
Terahertz Time-Domain Spectroscopy, which is a relatively new spectroscopic tool. One
of the first questions to answer is whether indeed our film is close to stoichiometric i.e.
wether or not the film shows a metal-insulator transition. This will be addressed in the
first part of the section 5.7. If indeed there is a metal-insulator transition as a function
of temperature, one expects a distinct change in the THz response due to the presence
of a Drude contribution to the dielectric function in this frequency range. The second
part of section 5.7 will be devoted to 800 nm pump/THz probe experiments. The central
question there is wether or not we can induce a long lived metallic state. The existence of
such a state would not only be interesting in terms of the dynamics of an optically induced
insulator-metal transition, but also in the light of optically induced magnetism. This latter
property is beyond the scope of the present study, and requires different experiments to
be performed (e.g. time resolved magneto-optical kerr experiments).
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5.7 EuO terahertz response

5.7.1 Terahertz Time-Domain Spectroscopy

Terahertz Time-Domain Spectroscopy is a spectroscopic tool which is particularly sensi-
tive to phase transitions between insulating and metallic phases of materials. In the case
of Eu rich EuO, one should be able to discriminate between the insulating phase which is
present above 70 K and the metallic phase which develops as soon as the sample temper-
ature is below this. The insulating phase is usually not giving a specific signature in the
terahertz regime, since even the phonons are expected at higher energies. The metallic
phase can be characterized by the creation of free electrons which leads to the presence
of a Drude response in the THz regime. Hence, the THz optical properties of EuO thin
film samples depend strongly on the stoichiometry and thus on the growing conditions.

MgO substrate     1mm

EuO 25nm

Protective layer    10nm

Figure 5.6: Schematic representation of the EuO thin film sample used in the present
study. A 25 nm thin film of EuO was deposited on a 1 mm MgO substrate.
In order to protect the film against oxidation, an additional 10 nm protective
layer of MgO was deposited on top.

Figure 5.6 represents in a schematic way the EuO thin film sample which was used
for the THz TDS transmission measurements. The base of the sample is a MgO substrate
of 1 mm thickness. A 25 nm thin film of EuO has been grown on top of this. Because
EuO is highly vulnerable to further oxidation, a 10 nm protective layer of MgO was
deposited on top of the EuO film.
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We performed THz TDS transmission measurements on the above described sample.
An extensive description of the experimental procedures is presented in chapter Terahertz
Time-Domain Spectroscopy. The major part of the sample is MgO, and even though one
does not expect a temperature dependent THz response of MgO, we have checked this
temperature dependence by performing experiments on a bare substrate. The MgO sub-
strate transmission has been determined by dividing the fourier transforms of the THz
pulse shapes after transmission through vacuum, and through the bare substrate, respec-
tively. The results of these experiments are displayed in figure 5.7. Since MgO has no
low lying optical phonons in the measured frequency range, and is a good insulator, the
response is rather featureless, and the transmission shows about 10% scatter across the
whole temperature range, which is caused by the experimental uncertainties. The peaked
structures in the spectra originate from the presence of residual water in the ’vacuum’ ex-
periment. From this we conclude that, within the experimental accuracy, the properties
of the MgO substrate are virtually featureless and do not strongly depend on the temper-
ature. Only at high temperatures there is a marked decrease of the transmission towards
higher energy, which is due to the presence of a phonon at about 3 THz (100 cm−1). This,
and the value of 65 % is in good agreement with the existing literature [13].
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Figure 5.7: Terahertz response of the 1 mm MgO substrate measured at different temper-
atures. A featureless and nearly temperature independent terahertz response
is found (within the experimental accuracy of about 10%), as expected for
this substrate.
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Figure 5.8: Terahertz transmission of the 25 mm EuO thin film sample measured at dif-
ferent temperatures normalized to the transmission at 295 K. Once again, no
pattern can be detected in its terahertz response.

In order to determine how the EuO thin film transmission changes with temperature,
THz pulses transmitted through the substrate+film+protective layer have been measured
at different temperatures between 20 K and 295 K. To better visualize the relative changes
as a function of temperature the transmission has been normalized to the transmission at
T = 295 K, as is shown in Fig. 5.8. Up to about 1.5 THz the transmission is nearly
temperature independent. The small variations observed here can again be ascribed to
experimental uncertainties. The absence of marked changes near the phase transition at
T = 69 K indicates that the present sample indeed does not show a clear semiconductor-
metal transition, i.e. the EuO film is nearly stoichiometric. Again, the upturn in transmis-
sion above 1.5 THz can be ascribed to the tail of the MgO phonon at 3 THz. A question
which arises is how large the expected changes in the transmission are when the system
passes from the semiconductor phase into the metallic phase.

Using literature data for the optical constants it is not difficult to approximate what
the transmission or reflectivity of EuO should be in the metallic and insulating phases.
In the case of nonstoichiometric EuO thin films (see for example Fig. 5.2 c)), the low
temperature resistivity can differ by at least four orders of magnitude, in comparison to
the resistivity at high temperature or to that of a stoichiometric film. The relation between
transmission and absorption coefficient is given by:
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T =
Es

Er
=

4nMgOnEuO

(nMgO + nEuO)2 ei(nEuO−1
ωd
c )e−κEuO

ωd
c (5.1)

Within the Drude model, the resistivity of a metallic system is related to the number of
free carriers by

ρ =
m0

Ne2τ
(5.2)

where N is the electron concentration, τ is the scattering time. For EuO thin film, the
number of free electrons N obtained from Hall measurements is 1026 m−1 and the scatter-
ing time τ is about 2.151*10−15s [14]. In the semiconducting phase EuO has a dielectric
function εsemiconductor = 26.5. Then the dielectric function in the metallic phase can be
approximated as

εmetal = εsemiconductor −
Ne2

ε0m0

1
(ω2 + iω/τ)

(5.3)

Using the above equations, we can now estimate the complex refractive index as well as
the reflectivity in the semiconducting and metallic phases. For a 25 nm thick EuO film
on a 1 mm MgO substrate these estimates yield a 25 percent reflectivity in the semicon-
ducting phase and a 80 percent reflectivity in the metallic phase, validating the above
conclusion that the present thin film does not undergo a semi-conductor to metal phase
transition.
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5.7.2 Optical-Pump Terahertz-Probe Spectroscopy
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Figure 5.9: Induced change in THz transmission through EuO at different temperatures,
when the sample is excited with 800 nm light and an excitation pulse with
energy of 1.1 mJ/cm2.

Another experiment we have performed on EuO thin film is optical-pump terahertz-
probe. The sample was excited with 800 nm light and 1.1 mJ/cm2 and probed by the THz
beam. The most interesting results are obtained at low temperatures, below 70 K. Time
resolved measurements have been performed at 15 K, 35 K, and 60 K and are displayed
in Fig. 5.9. This data have been taken monitoring the transmitted THz pulse peak ampli-
tude, while changing the delay between the optical excitation pulse and the THz pulse. In
this particular case, monitoring the transmitted THz pulse peak amplitude while changing
the delay between the optical excitation pulse and THz pulse is a justified approximation.
Looking at the induced electric field amplitude of the THz pulse at different times rela-
tive to the excitation time t = 0, depicted in Fig. 5.10 no phase shift between the pulses
measured at different times can be detected. Pulses presented in the last figure have been
taken with the chopper placed on the pump beam, thus they represent the induced electric
field amplitude. Since our EuO thin film is only 25 nm thick, the experiments are only
sensitive to changes in the reflectivity, i.e. the exponential factors in equation 5.1, which
includes the film refractive index and the sample thickness will approximately be equal
to 1, independent of the pump.

We have chosen τ = 0, as the time where a change in transmission is first observed.
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Figure 5.10: THz pulses transmitted through EuO thin film at 15 K, when the sample is
excited with 800 nm light and an excitation pulse with energy of 1.1 mJ/cm2.
The pulses are measured at different times relative to the moment of excita-
tion t = 0.

We would like to split this plot in two distinct parts: the first one, immediately after τ =

0, shows a sharp decrease in transmission. This sharp decrease in transmission (which
partially translates into a sharp increase in reflectivity of the film) can be easily described
by an exponential decrease with t1 ≈ 12 picoseconds at 35 K. The second part, for delay
times exceeding 15 ps, shows a slow, exponential, recovery of the signal with a decay
time t2 ≈ 531 ps, at the same temperature.

Fig. 5.12 shows how both time constants, t1, characterizing the sharp exponential
decrease in transmission and t2, which describes the slow exponential increase in trans-
mission, behave at different temperatures. Both of them are decreasing with decreasing
temperature. The fast rise in signal (decrease in transmission) most likely originates from
a fast, phonon assisted decay to the lower part of the conduction band of the initial elec-
tron electron distribution. At low temperatures the timescale for this process is about
12 ps. At higher temperatures this process speeds up due to the increase of the phonon
population (see Fig. 5.12, lower representation). The longer timescale recovery of the
signal (∼550 ps at 15 K) is due to recombination of electron whole pairs. Again a de-
crease of the decay time is found consistent with a phonon assisted electron-hole pair
decay process (phonon bottleneck).
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Figure 5.11: Fourier transformations of THz pulses at with optical excitation at 15 K,
taken at different delays relative to the arrival of the pump pulse. This is
basically a Fourier transformation of the pulses displayed in fig. 5.10.
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Figure 5.11 displays Fourier transforms of the (induced) THz pulses for 6.5, 32.5,
and 102.5 ps after optical excitation, calculated using the data of fig. 5.10. Since we
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Figure 5.13: THz pulses transmitted through EuO thin film at 15 K, when the sample
is excited with 800 nm light and an excitation pulse with energy of 1.1
mJ/cm2. The pulses are measured at different times relative to the moment
of excitation t = 0.

measured an EuO thin film (25 nm) sample on a MgO substrate (see Fig. 5.6), one might
argue that the above observed changes in absorption upon excitation with 800 nm light
might originate from absorption changes in MgO. In order to check this possibility, the
same type of pump-probe experiment has been performed on MgO substrate, revealing no
changes in absorption whatsoever. This result is not surprising, since the optical bandgap
in MgO is approximately 7.8 eV [32], much bigger than the excitation energy used in our
experiment: 1.55 eV. On the other hand, the optical bandgap in EuO is 1.12 eV. Thus, by
exciting with 1.55 eV, in the EuO thin film a certain amount of electrons will be promoted
from the valence band to the conduction band. This increase in electron population in the
conduction band results in an increase of the reflection of the EuO film, and thereby to a
decrease of the total transmission.

Figure 5.14 displays the transmission ratio between the THz pulses with optical ex-
citation and the ones without optical excitation at different temperatures. To calculate
the transmission ratio’s THz pulses used in fig. 5.13 have been used. The optically in-
duced response is rather featureless, indicative of a Drude-like (i.e. metallic behavior.
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Figure 5.14: Transmission ratio between the THz pulses Fourier transformations with
and without optical excitation. This is basically a Fourier transformation
ratio of the pulses displayed in fig. 5.13.

At the lowest temperature the change in transmission is about 20 %, consistent with the
value expected for the metallic phase as estimated in the previous section. Therefore we
conclude that indeed a metallic phase is induced in the EuO film, with a lifetime of the
order of 500 ps at low temperatures. Future experiments will have to show whether this
metallic phase is indeed also ferromagnetic, as is the case for the thermal semi-conductor
to metal transition in off-stoichiometric films.

5.7.3 Conclusions

Terahertz time-domain spectroscopy and optical-pump terahertz-probe experiments have
been performed on a 25 nm EuO thin film sample deposited on a 1 mm MgO substrate.

One of the main goals of the THz TDS experiments was to determine wether the
film is close to stoichiometric, i.e. wether the film undergoes a metal-insulator transition.
However, in our THz TDS data there is no indication of a metal-insulator transition at
any temperature, therefore our sample seems to be a nearly stoichiometric thin film. Still,
due to experimental resolution and sample thickness, it is possible that even if a metal-
insulator transition would be present, we might not be able to detect it.

In optical-pump THz-probe experiments, optical excitation of the thin film with 800 nm
light, results in a increase of the sample absorption, below 70 K. The time in which the
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film returns to the equilibrium state, (via phonon assisted electron-hole pair decay pro-
cess), is decreasing with the increase in temperature, becoming very small as the temper-
ature raises above 70 K. Above this temperature, a large number of phonons is present in
the system, therefore the recovery time is very fast, outside our experimental time reso-
lution. The fact that the optically induced response does not reveal much structure, it is
a good indication of metallic behavior. At 15 K, the induced change in transmission is
approximately 20 %, in good agreement with the value expected for the metallic phase
as estimated in the previous section. Therefore we conclude that we are indeed inducing
a metallic phase in the EuO film, which lives for about 500 ps at low temperatures.
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Summary

An optical spectrometer may be a tool unfamiliar to an outsider of the optics community.
It can be regarded as a natural evolution of the way we perceive the surrounding envi-
ronment. Light coming from the sun is reflected or transmitted by objects. The human
eye, by measuring this reflected or transmitted light, gains some information about the
objects themselves, such as their color, brightness, and shape. Using the same principles,
an optical spectrometer is designed to gain even more information. It has a source of light
used to send light on some objects, and a hi-tech detector to measure the transmitted or
reflected light.

After the material has been measured, a relation needs to be established between its
optical response and its main physical properties. In this thesis we consider the case of
solid state materials. These are materials where the atoms are in close proximity to each
other, and arranged in repetitive patterns on macroscopic distances, to make a compact
structures (a good example is NaCl, kitchen salt). To establish the above mentioned
relation the following procedure is followed. First, the optical response (transmission,
reflectivity, absorption, etc.) at each frequency in the incident light is measured. The
result is quantified in terms of the so called dielectric constant of the bulk ε(ω). In
a second step, this function is related to the main physical propertied of the measured
solid state material, using the knowledge of its particular structure, determined before
by different type of measurements, such as for instance X-ray diffraction. Today, optical
spectroscopy has become one of the most important standard tools for investigating novel
condensed matter materials.

Solid state materials containing transition and/or rare-earth metal oxides exhibit a
large variety of physical properties, which are often very sensitive to small changes of
parameters like chemical composition, temperature and pressure. Their conducting prop-
erties range from highly insulating to metallic and even superconducting. Also, their
magnetic properties are extremely diverse, where in materials which show magnetic or-
dering the type of magnetic ordering may vary from ferro- or ferri- to antiferromagnetic.
One other interesting aspect of the metal oxides is that some of the, in particular, transi-
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tion metal oxides are found to be low dimensional in their physical properties. The high
sensitivity of the physical properties to small changes is for instance found in the metal to
insulator transition observed in β−Na0.33V2O5. This transition rapidly disappears upon
changing the sodium content by as little as 5 %. Another example of sensitivity to chem-
ical composition is the presence of a metal-insulator transition in nearly stoichiometric
EuO thin films, but not in EuO with an exact stoichiometry. The wide range of properties
in transition metal oxides compounds is primarily related to the localized nature of the d
electrons.

The aim of the work presented in this thesis is to investigate the low energy excitation
spectra and the (induced) phase transitions in transition metal oxides:

Chapter 2 of this thesis concentrates on a four point resistivity investigation of the
vanadium bronze β−Na0.33V2O5. We have conducted the first detailed field dependent
measurements of the non-linear conductivity of this vanadium bronze in the temperature
range 30 K - 300 K. First, clear evidence for a metal to insulator transition is found at
TMI = 136 K. Below TMI , in the charge ordered phase, the low field data has shown that
two type of excitations contribute to the non-linear transport. While the first contribution
arises from motion of the charge density modulation, with a quasiparticle gap of 700 -
800 K, the second contribution results from an excitation of which origin is not presently
clear, with a quasiparticle gap about 500 K. This second excitation might happen within
the domain walls between ordered charge density modulation domains or can be a bound
state of collective charge density modulation excitation, like the phason. Two competing
models reasonably describe the low field transport, although both have deviations from
the data below 50 K: a thermally activated field transport and the variable range hop-
ing (VRH) model. The field dependent data is very similar to the transport in known
charge density modulation materials, like K0.3MoO3, and clearly shows the charge den-
sity modulation nature of the insulating phase. In order to describe the measured data,
we introduced a new phenomenological domain model, which is believed to be applica-
ble in other charge ordered materials as well. In materials with low carrier density like
β−Na0.33V2O5and K0.3MoO3, we believe that most of the transport properties, including
the observed decrease of threshold fields upon raising temperature, can be understood in
terms of enhanced screening of pinning centers by thermally excited charge carriers.

A particular case of optical spectroscopy is Terahertz Time-Domain Spectroscopy
(THz TDS). This is in fact a relatively new spectroscopic tool in which the light source
has a frequency in the order of 1012 Hz. In Chapter 3 we are revealing the physical
principles used by a terahertz spectrometer. Then, we provide a detailed characterization
of the spectrometer. An investigation about how the measured dynamics time scale can
influence the way material parameters are extracted in an optical-pump terahertz-probe
experiment, has been performed. When the measured dynamics are developing on a time



scale which is comparable or smaller than the THz pulse duration, a two dimensional
type of analysis needs to be employed. This analysis takes into account the fact that a
THz probe pulse ’feels’ a different dynamic effect with the beginning of the pulse than
with the end of the pulse.

Chapter 4 reveals the first optical-pump terahertz-probe investigation presented in
this thesis. A detailed pump-probe investigation of the direct band-gap semiconductor
Cu2O has been performed. The most intriguing experimental observation is a sharp rise
in sample absorption upon excitation with 800 nm light, at 18 K. Following the excita-
tion, two phenomena seem to take place: the creation of free carries via a two-photon
excitation process and the creation of a second type of particle which is viewed as a reso-
nance absorption peak in the far-infrared region. The main difficulty is to understand the
origin of the induced absorption peak. In a few picoseconds after the excitation, the res-
onance peak intensity is decreasing and shifts towards lower energies. The same type of
peak behavior (intensity decrease and shift towards lower frequencies) is displayed also
upon decreasing the pump excitation energy. Peak strength is increasing linearly with
pump pulse energy until 0.6 mJ/cm2, displaying a saturation above this power density
value. Sample excitation with different wavelengths has been performed, the only one
who resulted in absorption rise being the excitation with 800 nm light. Repeating the
same type of excitation on two Cu2O samples with different concentrations of impurity
indicated that the induced absorption peak might be VO

+ impurity related. We have used
two types of mathematical descriptions which can describe equally well the observed
phenomena. The first one, ”Drude+Lorentz”, describes the free carries evolution with
a Drude response and the resonance absorption peak with a Lorentz oscillator response.
The second one, ”Drude+Droplet”, takes into account the possibility that the absorption
peak is the response of a ”droplet”, resulting from the concentration of induced charge
carriers around impurity centers. We also discuss different physical phenomena which
might lead to the observed resonance absorption peak. It cannot be the response of an
electron-hole droplet because with our setup we can induce a maximum exciton den-
sity of 1015 cm−3 in Cu2O while the electron-hole droplet phase is expected to exist for
densities above 1021 cm−3 only. Another possibility would be that the resonance may
be the response of biexcitons nduced by the optical excitation. Still, resonant excita-
tion experiments have shown that this phenomena does not have an excitonic origin. We
might also be directly exciting a weakly bound impurity state, which contains a resonant
transition in the THz range. For example, the incident photons might excite electrons
to the VO

+ impurity state, and create dipoles in the system, dipoles which can interact
through dipole-dipole interaction. For this possibility a number of at least 1018 cm−3

oxygen vacancies are needed, which is higher than our sample vacancy concentration,
1015 cm−3.



At the moment there is no straightforward explanation for the observed effects and
their time dynamics. Therefore, additional experiments are required to prove or disprove
the discussed possibilities or to propose new ones.

In chapter 5 a terahertz time-domain spectroscopy and optical-pump terahertz-probe
investigation of a EuO thin film is presented. One of the goals of these experiments was to
find whether the EuO thin film sample undergoes a semiconductor-to-metal transition, i.e.
whether the sample is stoichiometric. Our data have shown no indication of such phase
transition, which indicates that the sample is nearly stoichiometric. During the optical-
pump terahertz-probe investigation, we manage to optically induce a metallic phase in the
EuO thin film. The life time of the metallic phase below 70 K is linearly decreasing with
increasing temperature, being in the order of a few hundred picoseconds. Above 70 K, we
are inducing the same excitation, but the recovery time (via phonon assisted electron-hole
pair decay) becomes very fast, due to the presence of a large number of phonons. In other
words, above 70 K, the metallic phase lifetime is very small, outside our experimental
time resolution. Future experiments will have to prove the ferromagnetic nature of the
metallic phase, as is the case for the thermal semi-conductor to metal transition in off-
stoichiometric films.



Samenvatting

Een optische spectrometer is voor een leek in de optica misschien een onbekend instru-
ment. In zekere zin kan het beschouwd worden als een logische ontwikkeling van de
wijze waarop wij onze directe omgeving waarnemen. Het zonlicht wordt weerkaatst
of doorgelaten door voorwerpen. Het menselijk oog verkrijgt door het meten van dit
weerkaatste of doorgelaten licht informatie over de voorwerpen zelf, bijvoorbeeld over
hun kleur, helderheid en vorm. Een optische spectrometer maakt gebruik van de zelfde
principes, zei het dat die nog meer informatie moet kunnen geven. De spectrometer
opstelling heeft een geavanceerde lichtbron die gebruikt wordt om bepaalde voorwer-
pen te belichten, en een hi-tech detector om de eigenschappen van het doorgelaten of
weerkaatste licht te meten. Nadat het materiaal gemeten is moeten verbanden worden
gelegd tussen de optische respons en de belangrijkste fysische eigenschappen. In dit
proefschrift richten we ons op vaste stoffen. Dit zijn stoffen waarin de atomen heel dicht
bij elkaar liggen en in steeds dezelfde patronen op microscopische afstand van elkaar
gerangschikt liggen, tezamen een compacte structuur vormend (een goed voorbeeld is
NaCl, of keukenzout). Om bovengenoemde verbanden te kunnen leggen is de volgende
werkwijze gevolgd. Eerst is de optische respons (transmissie, weerkaatsing, absorptie,
enz.) bij elke frequentie van het invallende licht gemeten. De uitkomst wordt uitgedrukt
in termen van de zogenoemde dilektrische constante ε(ω) . Vervolgens is een verband
gelegd tussen deze functie en de belangrijkste fysische eigenschappen van de gemeten
vaste stof, daarbij gebruikmakend van de kennis van zijn specifieke structuur, die tevoren
bepaald is door andersoortige metingen, bijvoorbeeld Rntgen-stralen diffractie. Tegen-
woordig is de optische spectroscopie een van de belangrijkste methoden voor het on-
derzoek aan gecondenseerde materie. Vaste stoffen die overgangsmetaal en/of zeldzame
aard metaaloxiden bevatten tonen een grote diversiteit aan fysische eigenschappen die
vaak uiterst gevoelig zijn voor kleine veranderingen van parameters zoals de chemis-
che samenstelling, temperatuur en druk. Hun geleidende eigenschappen variren van zeer
isolerend tot metallisch en zelfs supergeleidend. Ook hun magnetische eigenschappen
zijn uiterst divers, waarbij in stoffen die magnetische ordening tonen het type ordening
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kan variren van ferro- tot ferri- tot antiferromagnetisch. Nog een interessant aspect van
de metaaloxiden is dat sommige van de - met name - overgangsmetaaloxiden laagdi-
mensioneel in hun fysische eigenschappen blijken te zijn. De hoge gevoeligheid van
de fysische eigenschappen voor kleine veranderingen is bijvoorbeeld aangetroffen in de
overgang van metaal naar isolator, die waargenomen is in β−Na0.33V2O5. Deze over-
gang verdwijnt snel wanneer het natriumgehalte met slechts 5 % wordt gewijzigd. Een
ander voorbeeld van de gevoeligheid voor chemische samenstelling is de aanwezigheid
van een metaal-isolatorovergang in bijna stoichiometrisch EuO, maar niet in EuO met
een exacte stoichiometrie. De grote diversiteit aan eigenschappen in samenstellingen
van overgangsmetaaloxiden is voornamelijk gerelateerd aan de plaatsgebonden aard van
de d elektronen. De doelstelling van het werk dat in dit proefschrift wordt gepresen-
teerd is de lage- energie-excitatiespectra te onderzoeken en de genduceerde faseovergan-
gen in overgangsmetaaloxiden. In Hoofdstuk 2 van dit proefschrift richten we ons op
een resistiviteitsonderzoek van het vanadium brons β−Na0.33V2O5. We hebben de eerste
gedetailleerde veldafhankelijke metingen van de niet-lineaire geleiding van dit vanadium
brons in het temperatuurbereik 30 K - 300 K uitgevoerd. Ten eerste is de metaal naar
isolator overgang, zoals verwacht, gevonden bij TMI = 136 K. Beneden TMI , in de
lading-geordende fase, hebben de lage-veld data aangetoond dat twee typen excitaties
bijdragen aan het transport. Terwijl de eerste bijdrage voortkomt uit beweging ther-
misch aangeslagen ladingsdrages, is de tweede bijdrage het resultaat van een excitatie
waarvan de oorsprong nog onduidelijk is, maar die bij lagere energie ligt. Deze tweede
excitatie kan voorkomen binnen de domeinwanden tussen geordende ladingsdichtheid
modulatiedomeinen of kan een gebonden toestand van collectieve ladingsdichtheid mod-
ulatie excitaties en het rooster zijn. Twee mogelijke modellen, thermisch geactiveerd
transport en het Variable Range Hopping (VRH) model, geven een zinnige beschrijv-
ing van het lage-veld transport, hoewel beide afwijkingen vertonen in het bijzonder voor
de data onder 50 K. De veldafhankelijke data voor hogere velden lijkt erg op het trans-
port in bekende ladingsdichtheid modulatiestoffen, zoals K0.3MoO3, en laat duidelijk
de ladingsdichtheid modulatie aard van de isolerende fase zien. Om de gemeten data
te beschrijven hebben we een nieuw fenomenologisch domeinmodel gentroduceerd, dat
naar verwachting ook toe te passen is in andere lading-geordende stoffen. In stoffen
met een lage ladingsdragesconcentraties, zoals β−Na0.33V2O5 en K0.3MoO3, kunnen naar
onze mening de meeste van de transporteigenschappen, waaronder de waargenomen af-
name van drempelvelden bij stijging van temperatuur, worden begrepen in termen van
verhoogde afscherming van de zogenaamde ’pinning’ centra door thermisch aangeslagen
ladingdragers. Een bijzonder voorbeeld van optische spectroscopie is Terahertz Time-
Domain Spectroscopy (THz TDS). Dit is feitelijk een relatief nieuw spectroscopisch in-
strument waarin de lichtbron een frequentie heeft in de orde van grootte van 1012 Hz.



In hoofdstuk 3 onthullen we de fysische principes waarop een terahertz spectrometer
berust. Vervolgens geven we een gedetailleerde beschrijving van de spectrometer. Een
onderzoek is uitgevoerd naar de vraag hoe uit de gemeten dynamische data de materiaal-
parameters kunnen worden verkregen in een optische pomp terahertz-probe experiment.
Wanneer de gemeten dynamica zich op een tijdschaal ontwikkelt die vergelijkbaar of
kleiner is dan de THz pulsduur moet een tweedimensionaal analysetype worden gebruikt.
Deze analyse houdt rekening met het feit dat een THz-probe puls een ander dynamisch ef-
fect ’voelt’ aan het begin van de puls dan aan het einde van de puls. In Hoofdstuk 4 wordt
het eerste onderzoek met optische pomp terahertz-probe beschreven die in dit proefschrift
wordt gepresenteerd. Een gedetailleerd pump-probe onderzoek aan de directe bandgap
(energiekloof) halfgeleider Cu2O. De experimentele waarneming die het meest intrigeert
is een scherpe stijging van absorptie bij een excitatie met 800 nm licht, bij 18 K. Na de
excitatie lijken zich twee fenomenen voor te doen: er verschijnen vrije ladingsdragers en
middels een twee-foton excitatieproces verschijnt er een tweede type deeltje zoals bli-
jkt uit de waargenomen resonantie-absorptiepiek in het terahertz gebied. Het grootste
probleem is om de oorsprong van de genduceerde absorptiepiek te begrijpen. Enkele pi-
coseconden na de excitatie begint de resonantiepiekintensiteit af te nemen en verschuift
deze naar lagere energiefrequenties. Hetzelfde type piekgedrag (afname van de inten-
siteit en verschuiving naar lagere frequenties) doet zich tevens voor wanneer de pomp
excitatie energie afneemt. De pieksterkte neemt bij een pomp puls energie tot 0.6 mJ/cm2

toe en bereikt daarnaa een verzadigingspunt. Er zijn proeven met verschillende excitatie
golflengtes uitgevoerd; de enige die resulteerde in de waargenomen absorptiepiek was
die bij een excitatie met 800 nm licht. Bij herhaling van hetzelfde type excitatie op
twee Cu2O monsters met andere onzuiverheidsconcentraties bleek dat de genduceerde
absorptiepiek VO

+ verontreiniging gerelateerd zou kunnen zijn. We hebben twee typen
wiskundige beschrijvingen gebruikt, waarmee de waargenomen fenomenen even goed
kunnen worden beschreven. De eerste, ”Drude+Lorenz”, beschrijft de vrije drageron-
twikkeling met een Drude respons en de resonantie absorptiepiek bij een Lorentz os-
cillatorrespons. De tweede, ”Drude+Droplet”, houdt rekening met de mogelijkheid dat
de absorptiepiek de respons is van een ’druppeltje’, dat het gevolg is van de concen-
tratie van genduceerde ladingdragers rondom verontreinigingscentra. We bespreken ook
andere fysische verschijnselen die zouden kunnen leiden tot de waargenomen resonantie
absorptiepiek. Het kan niet de respons van een ongebonden elektronengat druppeltje zijn,
want met onze opstelling kunnen we een maximum exciton dichtheid van 1015 cm−3 in
Cu2O opwekken, terwijl de elektronengat druppelfase waarschijnlijk uitsluitend bestaat
voor dichtheden boven 1021 cm−3. Een andere mogelijkheid zou zijn dat de resonantie de
respons van bi-excitons kan zijn die opgewekt zijn door de optische excitatie. Niettemin
hebben resonantie excitatie experimenten aangetoond dat dit verschijnsel geen excitonis-



che oorsprong heeft. We zouden ook direct een zwak gebonden verontreinigingstoestand
kunnen opwekken die een resonantieverandering in het THz bereik bevat. Zo zouden
de invallende fotonen elektronen kunnen aanslaan tot de VO

+ verontreinigingstoestand
en dipolen in het systeem kunnen creren, dipolen die interactief kunnen zijn door mid-
del van dipool-dipool interactie. Voor deze mogelijkheid zijn een aantal van ten minste
1018 cm−3 zuurstofvacatures nodig, wat meer is dan de 1015 cm−3 vacatureconcentratie
van ons monster. Momenteel is er geen eenduidige verklaring voor de waargenomen ef-
fecten en hun dynamica. Daarom zijn aanvullende experimenten nodig om de besproken
mogelijkheden te bewijzen of te ontkrachten, of om nieuwe voor te stellen. In hoofd-
stuk 5 wordt een terahertz tijddomein spectroscopie en optische pomp terahertz probe
onderzoek van een EuO dunne laag gepresenteerd. Een van de doelstellingen van deze
experimenten was om vast te stellen of het EuO dunne laag monster een halfgeleider-
naar-metaalovergang ondergaat, d.w.z. of het monster stoichiometrisch is. Uit onze data
blijkt dat niets wijst op zo’n faseovergang, wat aangeeft dat het monster nagenoeg sto-
ichiometrisch is. Gedurende het optische pomp terahertz-probe onderzoek zijn we erin
geslaagd om een metallische fase in de EuO dunne laag optisch op te wekken. De tijds-
duur van de metallische fase beneden de 70 K neemt lineair af bij een stijgende temper-
atuur, en is in de orde van grootte van een paar honderd picoseconden. Boven de 70 K
wekken we nog steeds dezelfde toestand op, maar de hersteltijd (door middel van fonon
geassisteerd electron-gat paar verval) wordt erg snel als gevolg van de aanwezigheid van
een groot aantal fononen. Met andere woorden, boven 70 K is de metallische faseduur
erg kort, buiten onze experimentele tijdresolutie. Toekomstige experimenten zullen de
ferromagnetische aard van de metallische fase moeten aantonen, zoals het geval is bij de
thermische halfgeleider-naar-metaalovergang in niet-stoichiometrische lagen.
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