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Abstract

This Diploma thesis is centered around the study of the structural dynamics in charge den-
sity wave (CDW) compounds. Owing to their quasi low dimensionality, CDWs present an
ideal model system to investigate the delicate interplay between various degrees of freedom
like spins, electrons, lattice, etc., common to macroscopic quantum phenomena such as
high-temperature-superconductivity and colossal magnetoresistance. In this respect, fem-
tosecond (fs) time resolved techniques are ideal tools to trigger ultrafast processes in these
materials and to subsequently keep track of various relaxation pathways and interaction
strengths of different subsystems [Ave01, Oga05, Kus08]. Particularly 1T -TaS2 hosts a
wealth of correlated phenomena ranging from Mott-insulating behavior [Tos76, Faz79]
and superconductivity under pressure [Sip08, Liu09] to the formation of charge density
waves with different degrees of commensurability [Wil75, Spi97].
Here, photoinduced transient changes in reflectivity and transmission of 1T -TaS2 at dif-

ferent CDW phases are presented. The experimental observations include, inter alia, a
coherently driven CDW amplitude mode and two distinct relaxation timescales on the or-
der of τfast ∼ 200 fs and τslow ∼ 4ps, which are common to all CDW compounds [Dem99].
Moreover, the frequency shift of the amplitude mode and the change in relaxation timescales
when overcoming the phase transition from the commensurate to the nearly commensurate
CDW state are discussed.
A prerequisite for the direct study of structural dynamics by means of fs electron diffrac-

tion is specimen availability with thicknesses on the order of tens of nanometers comprising
lateral dimensions of a few hundred micrometers. The preparation of 30 nm × 100µm ×
100µm dimensioned films of 1T -TaS2 is described, as well as their characterization by means
of temperature dependent transmission electron microscopy (TEM), scanning electron mi-
croscopy (SEM) and energy dispersive X-ray spectroscopy (EDX).
The generation of fs electron pulses can be achieved by a compact design of the electron

gun [Siw04, Dwy05]. In this work, the development of a compact back illuminated 30 kV
electron gun is outlined. Though a complete characterization is still under way, the main
features of the design are presented.
Finally, direct atomic level insights into the structural dynamics of 1T -TaS2 are provided

by means of fs electron diffraction. The periodic lattice distortion of the CDW is found
to collapse within τmelt ≈ 170 ± 40 fs which is faster than one half of the corresponding
amplitude mode and thus indicative of an electronically-driven process. The energy transfer
to optical phonons takes place within τe-ph ≈ 350 ± 50 fs. The recovery of the CDW
proceeds on a timescale of τrec ∼ 4 ps, identical to τslow found in the all-optical pump probe
experiment. Therefore, the order parameter relaxation in CDW compounds is attributed
to the picosecond timescale. Applying pump fluences which are equivalent to the energy
needed for heating 1T -TaS2 into the incommensurate CDW state, the phase transition is
observed to take place on the sub picosecond timescale. This experiment demonstrates the
complementary insights gained by fs electron diffraction in the study of complex phenomena
like melting and recovery of the order parameter in CDW systems.
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Chapter 1.

Basics of Charge Density Waves

This chapter outlines some basic theoretical descriptions of the broken symmetry state of
low dimensional metals, the Charge Density Wave (CDW) state. As the central argument
for CDW formation in the literature [Wil75, Faz79, Gru94] is the divergent susceptibility
of conduction electrons in response to a q = 2kF periodic potential, more effort is put into
this aspect. Especially the derivation of the Lindhard function is outlined in detail, in
order to bridge the fragmentary literature and its common inconsistency. As recent reports
[Joh08, Cle07] have questioned the above mentioned mechanism, a thorough examination
is even more deemed adequate.
Electron-phonon interactions leading to Kohn anomalies are outlined in the second quan-

tized formalization and are based on the excellent book of Kagoshima et al. [Kag89].
To conclude the chapter, a short overview over collective excitations as well as their

manifestation in experiments is given.

1.1. Electrons in a One Dimensional Conduction Band

As we shall see, the Charge Density Wave (CDW) state originates from the reduced elec-
tronic dimensionality in its parent compound. Therefore we will start our discussion of its
basic properties with the simplest, the one-dimensional (1D) case. The shortcomings of this
approach are pointed out as well as the applications to the two-dimensional case whenever
it is necessary.
A convenient way of introducing the CDW phenomenon relies on the perturbation for-

malism and starts therefore with a material showing 1D metallic conductivity (1D band),
supposing it can be described in terms of the free-electron model pioneered by Paul Drude
[Dru00a, Dru00b]. Arnold Sommerfeld and Hans Bethe extended the model by taking
the Fermi-Dirac distribution

f(E) = 1
exp((E − µ)β) + 1 (1.1)

with β = 1/kBT , µ = chemical potential

valid for fermions into account [Som33]. The only electron–lattice interaction in this model
is the electron confinement via the lattice into a 1D potential well. Electrons are dis-
tinguished into tightly bound core electrons and delocalized conduction electrons. The
latter can be described as plane waves not interacting with each other, besides the effect
of the Pauli exclusion principle. Following the standard textbook approach to the prob-
lem (e.g. [Kit04]) lets us summarize the main results for a 1D free electron gas, with
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1.2. The Lindhard Response Function

L = length of the system, m = electron mass and N = number of electrons:

dispersion relation E(k) = ~2k2

2m (1.2)

density of states D(E) =
√

2m
π~

· 1√
E

(1.3)

Fermi energy EF = N2π2~2

8mL2 (1.4)

Fermi wave vector kF = πN

2L (1.5)

From the free-electron model insulators, semiconductors and conductors cannot be dis-
tinguished. However, on introducing a periodic lattice potential V (r) = V (r+R), where
R = Bravais lattice vector, as a weak perturbation to this model we can derive a qualita-
tive electronic band structure picture.
Referring to [Zim79] we conclude that, due to diffraction of valence electrons,1 a band

gap of magnitude Eg = 2|V | opens at the edges of the Brillouin zone k = ±π/a with a =
lattice constant. If kF coincides with k = lπ/a, l ∈ N, we end up having a semiconductor
(or insulator, depending on |V |). otherwise the material is within the framework of this
model metallic.

1.2. The Lindhard Response Function
In order to understand the reason for the origin of Charge Density Waves we shall examine
the effect of a weak potential V (r, t) acting on the free electron gas. Weak in this context
means that the problem can be treated with perturbation formalism. Let us start with the
Schrödinger equation for an electron affected by an external potential V (r, t):(

− ~2

2m∇
2 + eV (r, t)

)
ψk(r, t) = i~

∂

∂t
ψk(r, t) (1.6)

For V (r, t) = 0 we have

ψ
(0)
k (r, t) = Ω−1/2 exp (ikr− iEkt/~) (1.7)

with Ek = ~2k2

2m , Ω = volume of the system. (1.8)

By introducing the perturbing potential as

V (r, t) = Vqωeiqre−iωteαt + c.c. (1.9)

the parameter α → 0+ ensures that the perturbation can be switched on adiabatically.
The complex conjugate (c.c.) in (1.9) accounts for a real wave, without introducing ex-
tra Fourier components. In a linear approximation we are aiming at determining the

1An insightful aspect about diffraction of valence electrons at the lattice can be gained by considering the
corresponding de Broglie wavelength of electrons at EF, called the Fermi wavelength: λF = 2π/kF =
4/n. It is in the 1D case invers proportional to the conduction electron density n and for a metallic
conductor with n ∼ 1/Å the Fermi wavelength is on the order of the lattice constants – a classical
criterion for the occurrence of diffraction.
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Chapter 1. Basics of Charge Density Waves

susceptibility χ(q, ω) mediating the change in charge density ρqω and the perturbation

δρqω = χqωVqω ←→ δρ(r, t) =
∫ ∫

dr′dt′χ(r− r′, t− t′)V (r′, t′) (1.10)

with δρ(r, t) = δρqωeiqre−iωt+αt. (1.11)

Now we can treat (1.6) with time dependent first order perturbation formalism using

ψk(r, t) = ψ
(0)
k (r, t) + ψ

(1)
k (r, t). (1.12)

From (1.12)→ (1.6) and after some rearrangements we get(
~2

2m∇
2 + i~

∂

∂t

)
ψ

(1)
k (r, t) = eV (r, t)ψ(0)

k (r, t)︸ ︷︷ ︸
I(r,t)

. (1.13)

The inhomogeneity I(r, t) of (1.13) reads

I = Ω−1/2
(
eVqωei(k+q)re−iEkt/~−iωt+αt + eV ∗qωei(k−q)re−iEkt/~+iωt+αt

)
, (1.14)

resulting in

ψ
(1)
k (r, t) = bk+qΩ−1/2ei(k+q)re−iEkt/~−iωt+αt + bk-qΩ−1/2ei(k−q)re−iEkt/~+iωt+αt (1.15)

with bk+q = eVqω
Ek + ~ω + iα− Ek+q

, bk-q =
eV ∗qω

Ek − ~ω + iα− Ek-q
. (1.16)

Apparently there is a momentum transfer of ±~q and an energy transfer of ±~ω between
the perturbation and the electron gas. Knowing the wave function allows us to determine
the induced change in electron density:

δρ(r, t) = e
∑
ks

(
|ψk(r, t)|2 − |ψ(0)

k (r, t)|2
)
f(Ek) (1.17)

= 2e
Ω
∑

k
(b∗k+q + bk−q)e−iqr+iωt+αtf(Ek) + c.c. +O(b2)

≈ 2e2

Ω
∑

k

(
f(Ek)

Ek + ~ω + iα− Ek+q
+ f(Ek)
Ek − ~ω − iα− Ek−q

)
Vqωeiqr−iωt+αt + c.c.

The spin degeneracy gives rise to the factor of 2. Since (1.17) is summed up over all occupied
k values, we may substitute k→ k + q in the second term of the last equation, yielding

δρ(r, t) = 2e2

Ω
∑

k

f(Ek)− f(Ek+q)
Ek − Ek+q + ~ω + iα

Vqωeiqr−iωt+αt + c.c. (1.18)

Employing equation (1.11) we get

χ(q, ω) = 2e2

Ω
∑

k

f(Ek)− f(Ek+q)
Ek − Ek+q + ~ω + iα

. (1.19)

3



1.2. The Lindhard Response Function

Replacing summation with integration and considering a static potential2, i.e. ω → 0 and
α→ 0 gives

χ(q) = 2e2

(2π)D
∫

dkf(Ek)− f(Ek+q)
Ek − Ek+q

, (1.20)

where D denotes the dimensionality of the system.
Let us have a closer look at the properties of χ(q) for T = 0 in the 1D case. The integral

in equation (1.20) gives only nonzero values, when either Ek < EF and Ek+q > EF or Ek > EF
and Ek+q < EF. In all other cases the two Fermi distributions in the enumerator cancel
each other out. The highest contribution to (1.20) originates from pairs of occupied and
unoccupied states, each of which have the same energy (the denominator is then very small),
and differing by 2kF (otherwise the Fermi distributions in the numerator cancel out). This
effect is schematically sketched in figure 1.1 in the right panels for the 1D case and the 2D
case. Using (1.3), (1.4) and (1.5) we finally obtain for the 1D case

χ1D(q) =− 2e2m

π~2q

kF∫
−kF

dk 1
k + q/2 (1.21)

=− 2e2m

π~2q
ln
∣∣∣∣q + 2kF
q − 2kF

∣∣∣∣ (1.22)

=− e2kF
q

D(EF) ln
∣∣∣∣q + 2kF
q − 2kF

∣∣∣∣ (1.23)

first derived in [Lin54] and commonly referred to as the Lindhard response function. We
recognize two singularities, one for q = 0 which is actually removable and the second for
q = 2kF. The latter results in a divergent response of the electron gas to a q = 2kF
perturbation (see figure 1.1, left panel), the so called Peierls instability [Pei56], giving
rise to a 2kF-modulated charge density – the electronic part of a Charge Density Wave.
This is due to the specific Fermi surface topology, which consists in a quasi 1D metal of
two parallel planes (see right top panel of figure 1.1), commonly referred to as perfect Fermi
nesting. Here electrons are efficiently scattered into unoccupied states changing their wave
vector by q = 2kF. The effect decreases when going to higher dimensions as shown in the
left panel of figure 1.1, explained by the less efficient Umklapp scattering in 2D (see right
bottom panel of figure 1.1) and 3D.
The more tedious evaluation of equation (1.20) in the three-dimensional (3D) case yields

[Dre02]

χ3D(q) = −e
2

2 D(EF)
(

1 + kF
q

(
1−

(
q

2kF

)2
)

ln
∣∣∣∣q + 2kF
q − 2kF

∣∣∣∣
)
, (1.24)

which is plotted in figure 1.1, left panel. We recognize that the singularity at q = 2kF being
present in the 1D case has been removed.
Now let us turn to the temperature dependence of χ1D(q, T ) in the near vicinity of

q = 2kF. We may approximate the dispersion relation linearly around EF. For ε � EF we
introduce Ek = EF + ε→ Ek+2kF = EF − ε yielding the enumerator of (1.20) in the 1D case

1
exp(−ε/(kT )) + 1 −

1
exp(ε/(kT )) + 1 = tanh ε

2kT . (1.25)

2A complete treatise with a time dependent perturbation and a self consistent potential would yield, among
others, expressions for the complex conductivity and dielectric constant. Insightful aspects may be found
in [Dre02], however, this would lead beyond the scope of the thesis.

4



Chapter 1. Basics of Charge Density Waves

0                      2k
F
                  q

χ(q)/χ(0)

1

1D
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-k
F
     0      k

F
    q

x

-k
F
     0      k

F
    q

-k
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k
F

q
y
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q

q

Figure 1.1. The effect of dimensionality on the electronic susceptibility at T = 0: Left:
The Lindhard response function for different dimensions. The singularity for q = 2kF in the
1D case is being attenuated when going to higher dimension. Right top: perfect Fermi-nesting
in 1D. Right bottom: reduced nesting in the 2D case. Arrows indicate scattering from electrons
into unoccupied states (both directions).

Thus we find

χ1D(2kF, T ) =− e2D(EF)
εB/(2kT )∫

0

dxtanh x
x

(1.26)

=− e2D(EF) ln 1.13εB
kT

(1.27)

according to [Tin04], where εB is a small arbitrary energy. For the following discussion its
exact value is secondary, however it is usually taken to be on the order of the Fermi energy.
From (1.27) we see that the instability of the 1D electron gas is attenuated with increasing
temperature. Realizing this temperature dependence we are to expect a phase transition
at a certain temperature, as we are removing the 2kF-singularity of (1.23). Eventually a
phase transition at the Peierls temperature translates the CDW state into a state with
unbroken symmetry.
At this stage it should also be mentioned that recent studies [Joh08, Cle07] raised the

question on whether the logarithmic divergence of the electronic susceptibility is sufficient
to explain CDW formation. Johannes et al. point out that electronic instabilities are
easily destroyed when considering even small deviations from the perfect nesting condition
[Joh08].

1.3. Instabilities in the 1D Electron Gas
Having elaborated on the electronic response to an external potential opens the possibility
to briefly review some fundamental condensates resulting from the pairing of quasi particles.
As we have seen, an external potential Vext(r) induces a charge redistribution δρ(r); the
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1.4. Electron Phonon Interactions

specific interaction is not further specified but for now assumed to be q independent. δρ(r)
itself gives, via electron-phonon interaction, rise to an induced potential Vind(r). Introducing
the electron phonon-coupling constant g we write for the Fourier components

Vind(q) = −gρ(q). (1.28)

Taking Vext(q) and Vind(q) into account and revisiting (1.10) yields

ρ(q, T ) = χ(q, T ) (Vext(q) + Vind(q)) (1.29)
(1.28)−−−→ ρ(q, T ) = χ(q, T )Vext(q)

1 + gχ(q, T ) (1.30)

For 1 + gχ(q, T ) = 0 we realize an instability of the system, evolving into the CDW state
by means of a finite induced charge density.
Depending on the mutual interaction potential V (q), a 1D metal hosts various broken

symmetry states3 summarized in table 1.1. We recognize two types of pair forming: elec-

name pairing total spin total mom. broken symm.

singlet superconductor electron–electron S = 0 q = 0 gauge
triplet superconductor electron–electron S = 1 q = 0 gauge

spin density wave electron–hole S = 1 q = 2kF translation
charge density wave electron–hole S = 0 q = 2kF translation

Table 1.1. Various broken symmetry ground states of a 1D metal [Dre02].

tron pairs and electron-hole pairs. The former leads with opposite spins to singlet super-
conductivity, well known as ’conventional’ BCS superconductivity (theory on ’conventional’
superconductors by Bardeen, Cooper and Schrieffer, [Bar57]); parallel spins in paired
electrons (with a total spin of S = 1, which can take three orientations with respect to an
external field), result in triplet superconductivity. And lastly the CDW (and Spin Den-
sity Wave) state, manifesting themselves as electron–hole pairs, as we have seen in section
1.2: Only unoccupied and occupied states together give a significant contribution to the
evaluation of equation (1.20).

1.4. Electron Phonon Interactions
The divergent electronic susceptibility also affects the lattice. This can be seen in the
theoretical framework developed by H. Fröhlich [Frö54] taking the electronic system, the
lattice and the mutual interaction into account. In the so called jellium model we regard
the lattice as an elastic continuum of positive charges. Any lattice displacements u(x, t)
can be described in harmonic approximation by

u(x, t) =
∑
q

Qq(t) exp(iqx). (1.31)

From (1.31) we can evaluate the potential due to this lattice displacement. With the
electron wave functions we may determine the interaction energy between the electrons and

3Spin-Peierls, 4kF Charge Density Waves and others are due to the limited scope of this work omitted
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Chapter 1. Basics of Charge Density Waves

the lattice (yielding the third term in 1.32). A commonly used result is the Fröhlich-
hamiltonian, here given in second quantization formalism

H =
∑

k
Eka

†
kak +

∑
q

~ωqb
†bq +

∑
q,k

gq(b†-q + bq)a†k+qak. (1.32)

Ek is again given by (1.2), a†k and ak represent the electron creation and annihilation
operator, respectively. The bosonic phonon system is given by the respective operators b†q
and bq for creation and annihilation of a phonon with energy ~ωq. The interaction between
phonon and electron system is taken into account by the electron-phonon coupling constant
[Gru94]

gq = i

√
~

2Mωq
|q|Vq, (1.33)

where M denotes the mass of the ions and Vq the ionic potential. The normal coordinate
Qq in the second quantized form reads

Qq =
√

~
2MNωq

(
b†-q + bq

)
, (1.34)

withN being the number density of the ions. The interaction term in (1.32) consist basically
of two fundamental process: b†-qa†k+qak describes the scattering of a k electron into k + q
state whilst emitting a -q phonon. With bqa

†
k+qak the inverse process is described as an

electron in the k state absorbing a phonon with wave vector q to form a k + q electron.

1.5. The Kohn Anomaly and the Peierls Transition

The frequency of phonons ω(q) depends on the magnitude of the interatomic restoring force
for the corresponding lattice deformation. The restoring force originates from Coulomb
interaction between the cores. However, the lattice distortion with wave vector q provides
the electronic system with a potential V (q), the effect we have studied earlier in section
1.2. V (q) gives rise to a charge redistribution mediated by (1.20). It is intuitive to assume
that the induced electron density wave reduces the restoring force between cores through
shielding effects. Thus the phonon frequency is expected to decrease (see figure 1.2 (c)),
finally leading to a ’frozen in’ lattice distortion. This process is illustrated in figure 1.2,
panels (a) and (b), and will be discussed in the following by examining the Kohn anomaly
in more detail.
We summarize the derivation from [Kag89] of the phonon frequency in the presence of

electron-phonon interaction, using the previously introduced Fröhlich-hamiltonian (1.32).
For the normal coordinates Qq of the cores the equation of motion reads [Gru94]

~2Q̈q = − [[Qq,H] ,H] . (1.35)

With (1.10) we cast the above equation within mean field approximation into the form

Q̈q = −
(
ω2
q +

2g2
qωq

~
χ(q, T )

)
Qq, (1.36)

7



1.5. The Kohn Anomaly and the Peierls Transition

where ωq is the bare phonon frequency without electron lattice interaction. From (1.36) the
renormalized phonon frequency can be extracted in a straight forward manner, resulting in

ω2
ren,q = ω2

q +
2g2
qωq

~
χ(q, T ). (1.37)

In the 1D case we know from (1.23) and (1.27) that χ1D(q, T ) diverges for q → 2kF and
T → 0. Therefore the phonon frequency at 2kF will be suppressed in comparison to other
wave vectors and eventually approaches zero – a ’frozen in’ phonon. This effect is commonly
referred to as Kohn anomaly, still being present in higher dimensions, however less pro-
nounced. It can be measured with e.g. electron and neutron diffraction techniques [Wil74],
[Mon75]. It acts as a precursor to the Peierls-transition, where the permanent lattice
distortion leads to an increase of the unit cell.
The temperature at which ωren,q becomes zero is the Peierls transition temperature in

the mean field approximation TMF
P . By setting ωren,q

!= 0 in equation (1.37) and using
(1.27) we get

TMF
P = 1.13εB

k
exp

(
− 1
λ

)
(1.38)

,with λ =
2e2g2

2kF
D(EF)

~ω2kF

, (1.39)

where λ is commonly referred to as the electron-phonon coupling constant.
As fluctuations of the order parameter are playing a more pronounced effect when re-

ducing dimensionality, the just derived mean field transition temperature is not correct. A
strict 1D system does not evolve long range order [Gru94].
The temperature dependence of ωren,2kF can be determined by Taylor-expanding (1.37)

at TMF
P using (1.38) and (1.39), yielding

ωren,2kF = ω2kF

√√√√λT − TMF
P

TMF
P

for T ≈ TMF
P . (1.40)

This result shows a BCS like shape, approximating the analytical solution near the critical
point (see figure 1.3). At this stage we should mention that, depending on the amount
of band filling, the wavelength of the CDW λCDW is either commensurate to the lattice
constant a or incommensurate:

commensurate CDW (CCDW) : λCCDW = l · a, l ∈ Q (1.41)
incommensurate CDW (ICCDW) : λICDW = l · a, l /∈ Q (1.42)

As we will see when discussing real systems, the two states are connected with each other
via phase transitions (generally of first order) and even some varieties with regard to the
level of commensuration are possible to evolve as separate states (e.g. nearly commensurate
states).
The macroscopic periodic lattice distortion is defined as an order parameter for the

Peierls transition. The complex order parameter can be written as

|∆| exp(iφ) = g2kF

(
〈b2kF〉+ 〈b†−2kF

〉
)
, (1.43)

since 〈b2kF〉 = 〈b†−2kF
〉 6= 0.
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Chapter 1. Basics of Charge Density Waves
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Figure 1.2. Peierls transition and Kohn anomaly: Panel a) depicts a 1D crystal with lattice
constant a, constant electron density and the corresponding dispersion relation, as outlined in
section 1.1. Panel b) shows a modulation of the lattice and the electron density with q = 2kF,
together constituting a Charge Density Wave. In the case of a half filled conduction band, i.e.
kF = π/(2a), the crystal’s atoms dimerize and a new band gap is introduced. The associated
lowering of electronic states provides the energy for the distortion of the lattice. In Panel c) the
Kohn anomaly of the phonon frequency illustrates the emergence of a ’frozen in’ phonon. It
serves as a precursor to the Peierls transition

The balance of forces is represented on the right hand side of (1.36) and using the mean
field approximation by inserting the corresponding expectation values gives

ω2
2kF〈Q2kF〉 = −

2g2
2kF

ω2kF

~
χ(2kF; 〈Q2kF〉)〈Q2kF〉. (1.44)

χ(2kF; 〈Q2kF〉) denotes the electronic susceptibility in the presence of a band gap, since we
have a non vanishing expectation value for the core displacement. The dispersion relation
near the band gap (which is located at k = q/2) is found to be [Iba99]

E±k = 1
2
(
E0
k + E0

k+q

)
± 1

2

√(
E0
k + E0

k+q

)2
+ 4|Vq|2 (1.45)

where the superscript 0 indicates the unperturbed energy value. We measure energy from
the Fermi-energy and approximate the dispersion relation next to it via Ek = EF + εk and
Ek−q = EF − εk. Thus we can describe energy in the near vicinity of EF with

E±k = ±
√
ε2k + ∆2. (1.46)

As already demonstrated for (1.27) we find

χ1D(2kF; 〈Q2kF〉) = −e2D(EF)
εB∫
0

dεk tanh
(
E+
k

2kT

)
1
E+
k

(1.47)

Using this result we can further elaborate (1.44), taking (1.39) into account

1
λ

=
εB∫
0

dεk tanh
(
E+
k

2kT

)
1
E+
k

. (1.48)
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1.6. Collective Excitations in CDWs

(1.48) gives an implicit relationship between temperature and ∆ (incorporated in E±k via
(1.46)) and is also found in the formulation of the gap of a BCS superconductor, described
within the framework of BCS-theory (see for example [Tin04]). Therefore we continue to
summarize the main results and their consequences: The magnitude of the CDW gap at
T = 0 is

∆(T = 0) = 2εB exp(−1/λ) = 1.76kTMF
P (1.49)

where we used (1.38). The temperature evolution of the gap near TMF
P then reads [Tin04]

∆(T ) = 1.76∆(0)
√

1− T

TMF
P

for T ≈ TMF
P . (1.50)

Again we recognize a typical mean field behaviour for (1.50), resembling the shape of the
renormalized phonon frequency (1.40). Figure 1.3 shows qualitatively the analytical solution
for both ∆(T ) and ωren,2kF .

0                T
P

MF               T   

Δ(T) ω
ren,2kF

(T) 

1.76kT
P

MF

Figure 1.3. Qualitative temperature dependence of the
band gap ∆(T ) and the renormalized phonon frequency
ωren,2kF implicitly given in (1.48). The behavior in the
near vicinity of TMF

P is described in (1.50) and (1.40),
respectively. Both show characteristic variation of the
order parameter with

√
|TMF

P − T |.

In section 1.2 and section 1.4 we have outlined the evolution of a charge density mod-
ulation together with a periodic lattice distortion assuming T < TMF

P . It is important to
point out that these periodic modulation must not be regarded as being independent from
each other. Due to their mutual strong coupling, they rather should be regarded as parts
of the CDW state.
In reality 1D materials do not exist and even with high anisotropic electronic structure

a certain three dimensionality persists (interchain coupling), usually referred to as ’quasi-
1D’ materials. However, the above outlined mean field treatment illustrates the observable
phase transition upon increasing temperature well enough.

1.6. Collective Excitations in CDWs

The band gap we have seen in figure 1.2 affects single particle excitations. However, several
excitations of the Charge Density Wave state as collective excitations evolve. This can be
understood, as a reduction of the Brillouin-zone (BZ) by the periodic lattice distortion.
The reduced zone reaches from −kF to +kF. From folding the outreaching phonon branches
back into the first BZ and shifting one of the degenerated branches to higher frequencies,

10



Chapter 1. Basics of Charge Density Waves

we get two phonon dispersion relations [Lee74]:

ωφ(q) =
√
m/m∗vFq (1.51)

ωA(q) =
√
λω2

2kF
+ 4

3
m

m∗
v2
Fq

2 (1.52)

(1.51) and (1.52) are derived for small q-values, T = 0, assuming weak coupling and are
referred to as phase mode (phason) and amplitude mode (amplitudon), respectively. Their
manifestation in real space is sketched in the middle and bottom panel of figure 1.4. The
relation for the effective mass m∗ of the electrons in the CDW state reads

m

m∗
= 1 + 4∆2

λ~2ω2
2kF

. (1.53)

The phason with q = 0 and ω = 0 corresponds to a sliding motion of the CDW without
dissipation. This is known as the Peierls-Fröhlich mechanism of superconductivity.
In reality this effect (which is actually only applicable for incommensurate CDWs) is hin-
dered by the impurity pinning of CDWs. The apmlitudon is an oscillation of the CDW’s
amplitude.
The phase mode is expected to be infrared active, as displacements of the charge distri-

bution with respect to the ionic position are involved. This is not the case for the amplitude
mode which is Raman-active [Gru94]. The latter can be observed with e.g. λ = 800 nm
pump probe technique, as will be shown later in this work. Particularly interesting is also
the direct observation of the amplitude mode in the quasi 2D CDW compound 1T -TaS2 by
means of angle resolve photoemission spectroscopy [Per08].

phason

amplitudon

electron density

cores 

Figure 1.4. Sketch of the two collective excitations in a 1D
CDW system: The top panel shows the equilibrium core posi-
tions and the charge density modulation in the CDW state below
TMF

P . The middle and bottom panel sketch the amplitude mode
and phase mode, respectively. Arrows indicate displacements from
the equilibrium position of the cores and the dotted line represents
the equilibrium charge density wave.
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Chapter 2.

Electron Diffraction

Since Louis de Broglie proposed in his famous PhD thesis [DB24] the wave–particle
duality also for particles with rest mass m0 6= 0, electrons have been considered to exhibit
wavelike properties, expressed by their

de Broglie wavelength λ = ~
p
. (2.1)

This proposal was becoming generally accepted after the (independent) work by Davisson
[Dav27] and Thomson [Tho28] on "the experimental discovery of the diffraction of electrons
by crystals" in 1927 and 1928, respectively, winning them the Nobel Price in Physics 1937.
Assuming the Rayleigh criterion to characterize the diffraction limited, smallest dis-

tance dmin to be resolved in a microscope gives

dmin = 0.61λ
µ sin(β) (2.2)

with λ being the wavelength of the used radiation and µ sin(β) being the numerical aperture.
For visible light dmin is on the order of ∼ 200 nm,1 however, evaluation of (2.1) for 50 keV
electrons shows that the (theoretical) minimum resolved distance approaches sub atomic
dimensions.2 The subatomic regime can also be resolved by soft and hard X-rays with their
corresponding wavelengths of λsoft ∼ 100 Å ... 1 Å and λhard ∼ 1 Å ... 0.1 Å, respectively.
Though electron microscopy opens vistas into the individual atomic arrangement includ-

ing all its unique features as stacking faults, displacements, impurities, etc. we are here
mainly interested in harvesting the averaging character of the diffraction technique, useful
to determination of the periodic structure of crystals.

2.1. Interaction of Electrons with Matter
To interpret images and diffraction pattern gained from electron microscopy in the right
way, it is crucial to know about the interaction between the used electrons in matter. As
this is dependent on the electron energy, we restrict ourselves here to typical TEM elec-
trons, meaning electrons with energies E ∼ 100− 400 keV. The interaction is of Coulomb

1This long standing limit has been overcome by different techniques summarized under the term RESOLFT-
microscopy (REversible Saturable OpticaL Flurorescence Transitions). These techniques rely on labeling
the specimen with fluorophores, however, they have proven to achieve spatial resolution of dmin ≈ 33 nm
in e.g. imaging bacteria membranes by solely using laser light at λ = 760 nm [Dyb02] and to detect
individual color centers in diamond with a resolution of dmin ≈ 7.6 nm using laser light at λ = 532nm
[Rit09].

2The matter of fact that up to date even the best electron microscopes are barely operating at the atomic
resolution limit is due to the inability of building perfect electron lenses. [Wil09]
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2.2. The Bragg Description and the von Laue Condition

character, thus electrons are affected by the charge distribution of the shell electrons as well
as the nucleus. Moreover, spin dependent electron diffraction is also possible. In contrast,
X-rays are mainly affected by the charge distribution of the valence electrons. The typically
analyzed signals resulting from the interaction between TEM electrons and specimens are
sketched in figure 2.1.
An important parameter to estimate the needed sample thickness for use in a TEM is

the mean free path length λmfp. According to [Wil09] its expression (here in [m]) reads

λmfp = A

N0σatomρ
(2.3)

where A [kg/mol] is the atomic weight of the scattering atoms in the specimen which has
density ρ [kg/m3], σatom [m2] is the atomic scattering cross section and N0 ist Avogadro’s
number [atoms/mol].

SEM

sample

absorbed 
electrons

Incident 
e--beam

direct  
beam

Bremsstrahlung

inelastically
scattered e- 

Auger e- 

Backscattered e- 
(BSE)

Secondary e- 

Characteristic
X-rays

Visible light

elastically 
scattered e- 

electron-hole
pairs

TEM

Figure 2.1. The interaction ∼ 100keV electrons with matter: The indication of direction
for the different signals is of qualitative character and/or indicates where it is typically being
detected. A Scanning Electron Microscope (SEM) detects the signals emitted into the upper half
space, whereas a Transmission Electron Microscope (TEM) registers the (in-) elastically scattered
electrons and the direct beam. Adopted and changed from [Wil09].

2.2. The Bragg Description and the von Laue Condition
In order to derive some basic conclusions on electron diffraction3 we shall start with two
assumptions: First the wavelength of the used radiation is smaller or comparable to the
lattice constants of the crystal. Second, scattering of the radiation is elastic, meaning no
energy being transferred between crystal and radiation.

3Important sources for this section have mainly been the book from Williams & Carter[Wil09] as well
as the lecture note of Gross & Marx [Gro10]
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Chapter 2. Electron Diffraction

The de Broglie-wavelength of electrons can be calculated by (2.1) and the relativistic
energy momentum relation to give

λ = hc√
Ekin(2E0 + Ekin)

. (2.4)

In (2.4) Ekin denotes the kinetic energy due to the acceleration voltage and E0 stands for
the rest energy of the electrons, h and c are Planck’s constant and the speed of light,
respectively. Thus for electrons with a kinetic energy of 50 keV the associated wavelength
is λ = 6.5pm.

ϑ

d

(a) (b)

ϑ

k

K

k'
2ϑ

Figure 2.2. Illustration of Bragg’s law and the scattering geometry: Panel (a) illustrates
the reflection of two beams being reflected from a pair of planes which are separated by d. The
blue marked part of the lower beam is the path difference between the two beams after reflection.
With the angle of incidence ϑ measured from the plane, the path difference can be calculated (left
side of equation (2.5)). Panel (b) shows how the difference vector of incident k and scattered k′
beam is related to the scattering angle 2ϑ. The relation is given by equation (2.7).

The Bragg condition relates distances d between crystal planes and the scattering half-
angle ϑ under which diffraction is to be observed. The illustration in figure 2.2 (a) shows
the scattering geometry with two incoming beams being reflected from two lattice planes.
The blue colored part of the lower beam indicates the path difference between the two
beams which is given on the left side of Bragg’s law:

2d sin(ϑ) = nλ, with n ∈ N. (2.5)

The natural number n describes the order of diffraction. We see that (2.5) can only be
realized for 2d ≤ λ, once again stressing the need for short wavelengths. It is insightful to
note that the composition of the basis of the lattice is not regarded.
X-rays are usually very weakly scattered with only∼ 10−3−10−5 of the incoming intensity

per lattice plane. This explains the very sharp peaks observed in X-ray diffraction, as they
are superpositioned from reflections of ∼ 103− 105 lattice planes. In contrast, electrons are
very efficiently scattered from already very few lattice planes and are thus the commonly
used tool for surface diffraction.
An equivalent description of diffraction from crystals is given by the von Laue condition,

which reads
G = k− k′ = K. (2.6)

In (2.6) G represents a reciprocal lattice vector and K denotes the change in the k vector of
the plane wave (see figure 2.2 (b)). Equation (2.6) illustrates the matter fact, that the set of

15



2.3. General Diffraction Theory

reciprocal lattice vectors determines the scattering peaks. The equivalence of Bragg’s law
and the von Laue condition can easily be shown. As we will derive the von Laue condition
from a different approach to the problem later, we conclude this section by pointing out
the insightful visualization of the von Laue condition by the so called Ewald-sphere. It
is particularly interesting to compare the Ewald-sphere of electrons with the one of X-rays
(see figure 2.3 and the description in its caption).

(00) (10)

(-10)

k

G

k'

(a) (b) (c)

Figure 2.3. Cut through the Ewald sphere: Panel (a) shows the construction of the Ewald
sphere in the reciprocal lattice in this case with a hexagonal symmetry. The wave vector of the
incident beam ends on the origin of the reciprocal lattice, indicated with (0,0). If the indicated
circle intersects with a rec. lattice point, the Laue condition is satisfied. The radius of the circle is
∝ 1/λ. Panel (b) and (c) compare X-ray and electron diffraction in reciprocal space, respectively.
(b) shows the Ewald sphere for hard X-rays (λ ∝ 1 Å) and a rec. lattice to scale. (c) illustrates
the elongated rods (arising from the thin film used in TEMs) of the rec. lattice and a section of
the Ewald sphere for 50 keV electrons (λ ∝ 1 pm).

2.3. General Diffraction Theory

So far, different components of the unit cell were not accounted for. This will now be
included in a more general approach to the problem.
We shall neglect multiple scattering and thus use the kinematic approximation where

the incoming and the scattered wave are expected to be coherent. As this assumption is
generally justified for light and X-ray scattering, it is less well suited for electrons which
scatter more efficiently and therefore more often.
The generalized scattering geometry is sketched in figure 2.2 (b), relating the modulus

of the scattering vector K to the scattering angle 2ϑ by

|K| = 4π
λ

sin(ϑ). (2.7)
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Chapter 2. Electron Diffraction

Following the standard notation in physics, we have assumed wave vectors to include the
factor of 2π, which is not true for a fair amount of textbooks (e.g. [Wil09]) related to the
topic and can cause confusion.
The amplitude of an elastically scattered electron from an atom is given by the atomic

form factor [oS10]

f(K) =
∫

drφat(r)eiKr

= 2mee

~

∞∫
0

drr2φat(r)
sin(Kr)
Kr

(2.8)

It can be derived from solving the Schrödinger equation for an electron with specified
energy being subject to the potential φat(r). In (2.8) me and e denote the electron mass
and charge, respectively, φat(r) is the atomic potential, arising from the charge density of
the atomic nuclei and the electron density [Cow95]. Considering an arbitrary assembly of
atoms, indexed j, the scattered amplitude F (K) reads.

F (K) =
∑
j

fjeiKrj , (2.9)

where rj indicates the position of the j’th atom.
Considering scattering from a crystal lattice, we can make use of the regular crystal struc-

ture by introducing the lattice and unit cell concept. A three-dimensional (3D) Bravais
lattice is specified by a set of vectors Rn with

Rn = n1a1 + n2a2 + n3a3 (2.10)

where n1, n2, n3 are integers and a1,a2,a3 are the lattice vectors, defining the unit cell.
We can thus describe the position of every atom by Rn + rj , where Rn specifies the origin
of the unit cell and rj the position of the atom relative to that origin. For the scattering
amplitude of the crystal F crystal(K) we may write [AN01]

F crystal(K) =
∑
rj
fj(K)eiKrj

︸ ︷︷ ︸
unit cell structure factor

∑
Rn

eiKRn

︸ ︷︷ ︸
lattice sum

, (2.11)

with the unit cell structure factor

F u.c.(K) =
∑
rj
fj(K)eiKrj . (2.12)

The new aspect in this consideration is the lattice sum, which has ∼ 1012 terms if we for
example consider a small crystallite of 1µm extension in each dimension. Each term is
a complex number of the form eiφn , however the sum will only contribute significantly to
F crystal(K) if all phases are multiples of 2π meaning

KRn
!= 2π · integer. (2.13)

A solution to equation (2.13) can be found by creating a reciprocal lattice spanned by basis
vectors a∗1,a∗2,a∗3 fulfilling

ai · a∗j = 2πδij (2.14)
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2.4. Scattered Intensity From a Small Crystal

with δij being the Kronecker delta. The points of this reciprocal lattice are specified by
vectors of the type

G = ha∗1 + ka∗2 + la∗3 (2.15)

where h, k, l are all integers and commonly known as Miller indices. Apparently the
reciprocal lattice vectors G of (2.15) satisfy equation (2.13). This means that only if K
coincides with a reciprocal lattice vector G will the scattered amplitude be non-vanishing.
This is known as the von Laue condition

K = G. (2.16)

Finally it can be shown [AN01] that the construction of the reciprocal lattice is achieved
by

a∗1 = 2π a2 × a3
a1 · (a2 × a3) , a∗2 = 2π a3 × a1

a1 · (a2 × a3) , a∗3 = 2π a1 × a2
a1 · (a2 × a3) . (2.17)

2.4. Scattered Intensity From a Small Crystal
Considering a thin film as a commonly used specimen in electron diffraction with dimensions
N1a1, N2a2, N3a3, whereN1, N2, N3 are the numbers of unit cells in the respective direction.
Let’s assume that N3a3 corresponds to the film thickness.With this we cast (2.11) into

F crystal(K) = F u.c.∑
n

eiK(n1a1+n2a2+n3a3)

= F u.c.
N1−1∑
n1=0

eiKn1a1
N2−1∑
n2=0

eiKn2a2
N3−1∑
n3=0

eiKn3a3 . (2.18)

Each sum is a geometric series and thus can be rewritten to

N1−1∑
n1=0

eiKn1a1 = eiKN1a1 − 1
eiKa1 − 1 . (2.19)

The experimentally observable quantity is the intensity I(K) ∝ |F crystal(K)|2 and reads,
after some algebraic conversions and rearrangements [Dwy05, War69],

I(K) ∝ |F u.c.|2 sin2(KN1a1/2)
sin2(Ka1/2)

sin2(KN2a2/2)
sin2(Ka2/2)

sin2(KN3a3/2)
sin2(Ka3/2)

. (2.20)

The last three quotients of (2.20) determine the intensity at the point of observation. Each
of them peaks for Kai/2 = π with amplitude of N2

i (see figure 2.4). Everywhere else,
the function is essentially zero, unless the three quotients are simultaneously close to their
maximum value. It can be shown that for large N the function sketched in figure 2.4
actually turns into a delta distribution.
The first factor of (2.20), i.e. |F u.c.|2, is the only one to depend on the atomic configura-

tion of the system. Analyzing the structure factor for certain Bragg reflections, i.e. F u.c.
hkl ,

it can be shown that for some reflections it becomes zero, depending on the structure of
the unit cell. An example for this behavior max be a crystal with a face centered Bravais-
lattice, where F u.c.

hkl = 0 for all reflections with mixed hkl (meaning that hkl contain odd
and even numbers) [War69].
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Chapter 2. Electron Diffraction
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Figure 2.4. The behavior of the quo-
tients in (2.20), here for N = 20.

One particular drawback of all diffraction detec-
tion schemes is the fact, that only the intensity I
of the scattered wave is detected, which is propor-
tional to the square of its amplitude I ∝ |φ|2. Not
knowing the phase, structure determination is more
difficult but can be solved by an iterative approach.
The intensity profile of the suspected structure is
calculated and compared to the observed diffraction
pattern, while the model structure is being changed
until its agreement with the experimental data is
satisfactory.
All structure analysis techniques have in common

that the position of the diffraction peaks gives information about form and dimension of
the unit cell, whereas the content of the unit cell can be concluded from the intensity of
the respective peaks.

2.5. The Debye Waller (DW) Effect
The assumption of the scattering atoms resting in their equilibrium position is not sufficient,
as they even perform oscillations at T = 0K. At room temperature the amplitude of these
oscillations is on the order of ∼ 10 % of the lattice constant. Therefore they contribute to
inelastic scattering processes.
In order to assess that effect on the diffraction pattern we write the assumed static

position of an atom rj extended by time dependent part u(t) in the form

rj(t) = rj + u(t). (2.21)

The deviation from its rest position is supposed to be independent from other atoms.
Further we assume that u(t) is equal for all atoms of the unit cell. The time average of a
function f(t) is defined by

〈t〉 = 1
T

lim
T→∞

∫ T

0
dtf(t). (2.22)

Using (2.21) in the time averaged form of (2.9) reads

〈F (K)〉 =
〈∑

j

fjeiK(rj+u(t))
〉

(2.23)

= F stat
K

〈
eiKu(t)

〉
. (2.24)

In (2.24) F stat
K is the so called static structure factor. Taylor-expansion of the exponential

function in (2.24) for Ku(t)� 1 gives

〈F (K)〉 = F stat
K

1 + 〈iKu(t)〉︸ ︷︷ ︸
=0

−1
2〈(Ku(t))2〉+ ...

 . (2.25)

Introducing the angle α = ^(K,u) the quadratic term in (2.25) can be converted to

1
2〈(Ku(t))2〉 = 1

2〈K
2u2(t) cos(α)2〉 = 1

6K
2〈u2(t)〉 (2.26)
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2.6. Multiple Diffraction

where the time average of cos(α)2 was transferred into averaging over all orientations giving
a factor of 1/3. Applying this result to (2.25) and making use of converting the series in
square brackets back to an exponential results in

〈F (K)〉 = F stat
K

[
1− 1

6G
2〈u2(t)〉+ ...

]
≈ F stat

K e−
1
6G

2〈u2(t)〉 (2.27)

The experimentally observed, time averaged intensity IK ∝ F 2
K follows as

IK = I0e−
1
3K

2〈u2(t)〉, (2.28)

with the exponential commonly referred to as the Debye-Waller-factor (DWF).
To approximately relate this result to the temperature T we consider the harmonic os-

cillator in 3D. Its mean potential energy 〈U〉 is equal to 3/2kT , yielding

〈U〉 = 1
2Mω2〈u2(t)〉 = 3

2kT ⇒ 〈u
2(t)〉 = 3kT

Mω2 . (2.29)

Thus we find for the temperature dependence of the scattered intensity

IK = I0e−
kT
Mω2K

2
, (2.30)

and realize that higher order reflections are more stronger affected as the argument of the
exponential depends on K2. The width of the Bragg reflection is however not influenced,
only the intensity is decreased. This will be of importance in the discussion of the time
resolved electron diffraction patterns presented in chapter 6.
As mentioned already earlier, even at T = 0 the diffraction pattern is affected by the

DW-effect, as the mean potential energy of the harmonic oscillator reads 〈U〉 = 3/4~ω.
Applying this to (2.28) gives

IK(T = 0) = I0e−
~

2Mω
K2
. (2.31)

A more general approach to the problem would have to include thermal diffuse scattering
(TDS) in its considerations. This can be achieved by starting the discussion with the scat-
tered intensity IK instead of starting with the scattered amplitude. A thorough derivation
is however a nontrivial task, but the main concepts can be found in more detail in [War69].
For the interpretation of the data shown in chapter 6 an important qualitative statement
is: The thermal diffuse scattering is found to peak in the vicinity of Bragg reflections
[War69].

2.6. Multiple Diffraction
Generally, diffracted beam intensities are not easily to be interpreted, since a once diffracted
beam can readily be rediffracted multiple times. This is usually referred to as dynamical
diffraction, and quite common in electron diffraction. Whether or not multiple scattering
is dominant in the experiment depends on the mean free path λmfp (see equation (2.3)) and
film thickness dfilm. Generally, multiple scattering manifests itself in the diffraction pattern
by transferring intensity from small to large values of K [Coc88]. The effect on the position
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Chapter 2. Electron Diffraction

of Bragg peaks is rather insignificant, whereas the determination of coordination numbers
is more strongly affected.
There are several theoretical approaches to the topic of multiple scattering known as

dynamical diffraction [Cow95]. However, we can apply the kinematic approach here, as the
peak positions are only weakly affected.
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Chapter 3.

Femtosecond Pump Probe Techniques

Based on Einstein’s theoretical prediction of stimulated emission [Ein16], the first lasing
devices were realized during the 1950s by Townes [Gor54, Gor55] in the microwave regime
and 1960 by Maiman with λ = 694nm [Mai60]; today lasers are indispensable tools in
everyday life and science.
In particular, femtosecond lasers provide brief enough means of triggering ultrafast pro-

cesses in matter and probing the induced changes in a stroboscopic manner. However, the
former restricts the material under study to be light sensitive, which fortunately is met by
a lot of solid state materials.

3.1. Pump Probe Principle

Figure 3.1 illustrates that moving processes can be temporally resolved by means of using a
fast enough detector. This way, individual wing positions are imaged by simply decreasing
the shutter speed of the camera. However, there is a certain limit to the time resolution
of light detectors, e.g. current state-of-the-art photodiodes feature response times on the
order of sub-nanoseconds. Detecting even faster process can be achieved by illuminating
the object of interest with a brief light flash, therefore overcoming the limitation of the
detector. With readily available commercial laser systems, illumination periods on the fs
timescale are possible; such pulses are therefore called probe pulses. Simultaneously, these
lasers also provide brief enough means of triggering processes of study, the corresponding
pulses are therefore called pump pulses. The set of pump and probe pulses in combination
with a variable time delay in between of them, form the essential building block of all
pump probe experiments, no matter whether the pulses consist of electrons, light or x-rays.
Continuous variation of the time delay thus provides snapshots of individual stages in the
process.
In the following, this principal is explained in the context of all-optical pump probe

experiments and femtosecond electron diffraction.

3.2. All-Optical Pump Probe

As an extensive review of the laser system including the fast scan method has been given by
Städter [Stä08], we will reference to it whenever it is appropriate. However, the following
section outlines the main experimental features to set the frame for discussing the all-optical
pump probe study of 1T -TaS2 in chapter 5.
The utilized commercial laser system (Coherent, Inc.) comprises a Ti:sapphire oscil-

lator (MICRA, pumped by a cw operated laser (VERDI V5) and a regenerative amplifier
(REGA9050, pumped by a VERDI V10 laser). An optical parametric amplifier (OPA 9450)
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3.3. Structural Probes: Electrons and X-Rays

Figure 3.1. Photographs of moving processes above and below temporal resolution:
Whereas both species feature a similar wing beat period of ∼ 30ms, the hummingbird was
photographed with a shutter speed of 40ms, the dragonfly however, with a shutter speed of 1ms.
To resolve even faster processes, higher shutter speeds or brief enough means of illumination are
required.

yields tunable output wavelengths in the optical and near infrared region by means of fre-
quency mixing processes. At the experimental workplace used for this thesis, the amplified
laser system delivers pulses at a central wavelength of 800 nm with a variable repetition rate
from 9-300 kHz. The maximum pulse energy is ∼ 5µJ, with a FWHM of 80 fs. The study
of 1T -TaS2 was mainly carried out with a fluence of F = 0.1mJ/cm2 at a repetition rate of
250 kHz. The delay for pump probe experiments is realized by two retroreflectors mounted
on a translation stage and a shaker, providing runtime differences between pump and probe
pulses of 4 ns and 100 ps, respectively. The fast scan technique applied in this setup allows
to detect signal changes on the order of 10−6 and is described in detail in [Stä08].
A sketch of the pump probe setup is shown in figure 3.2, indicating the splitting of

laser pulses at the beam splitter (bs) into a pump and a probe arm. The change upon
photoexciation is recorded by two photodiodes, depending on the used geometry. To further
discriminate any noise, the probe pulse is additionally split into the final probe pulse and a
reference pulse (not shown, see [Stä08]). They are polarized in perpendicular with respect
to each other. The reference pulse is shifted in front of the final probe and pump pulse, to
detect the sample characteristics just before excitation. The reference pulse passes through
the same path as the probe pulse and the two of them are being separated by a polarizing
beam splitting cube just before detection by a set of two photodiodes (for more details see
[Stä08]).
As most correlated materials exhibit various different phases at low temperatures, a liquid

helium flow cryostat enables measurements in a temperature range of 4 to 360 K. The
insulating vacuum is achieved by a set of pumps and usually is on the order of 10−6 mbar.

3.3. Structural Probes: Electrons and X-Rays
All-optical pump probe experiments have proven to provide valuable insights into the dy-
namics of strongly correlated materials [Ave01, Oga05, Kus08]. However, the change in
signal originates from a change in the complex dielectric function of the system, thus struc-
tural information is only gained indirectly. At this point, complementary information can
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Figure 3.2. Sketch of the optical pump probe setup: Laser pulses delivered from the amplified
Ti:Sa system are split into the pump and the probe pulse at the indicated beam splitter (bs). The
optical path length of the pump pulse is varied via a retroreflector mounted on a delay stage and
a shaker (only one delay tool is indicated). Both pulses are focused by lenses onto the sample,
with the pump diameter being double as wide as the probe diameter. In reflection geometry the
photodiode 1 (PD1) detects the change in reflectivity (shown as insert in the top left corner),
whereas PD2 detects the change in transmission.

be gained by using structural probes, e.g. x-rays and electrons. Electrons have the advan-
tage over x-rays to scatter more strongly from matter and to damage the sample less. On
the other side, the strong electron-matter interaction sets severe constraints to the sample
thickness, requiring it to be . 50 nm. In order to circumvent the difficulties in preparing
such thin samples, time resolved electron diffraction is also carried out in reflection geom-
etry. However, this approach can lead to artefacts in the observed diffraction pattern due
to the generation of charge inhomogeneities as pointed out by [Par09] and does not yet
approach fs time resolution. None the less, thin samples assure homogeneous excitation of
the probed volume, which is in general not true for x-ray diffraction.
A further advantage of electron- over X-ray diffraction is the shorter de Broglie-

wavelength of electrons: For example 50 keV electrons feature a wavelength of λ = 5.6pm
(see equation (2.4)) whereas the free electron laser Flash provides x-rays with λ = 6−60 nm
[ES10]. It is thus clear that the radius of the corresponding Ewald-sphere for electrons
is larger by a factor of 103 (see figure 2.3). This matter of fact, together with the thin
specimens used for transmissive electron diffraction (which essentially render the reciprocal
lattice ’points’ into ’rods’) provides imaging of essentially the whole electron diffraction
pattern at once. This was especially beneficial in the experiment described in chapter 6.
In x-ray diffraction such results can only be achieved by using either white radiation or by
oscillating, powdering or rotating the specimen.
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3.4. Femtosecond Electron Diffraction

The mutual strong Coulomb-interaction between electrons is the reason for the difficulty
of reaching brief electron pulses, in contrast to x-ray pulses (FLASH provides pulse lengths
of 10-50 fs [ES10]). This constraint can be partially overcome by a very compact design
of the electron gun as demonstrated by [Siw04, Heb09] or by the use of highly relativistic
electrons at MeV energies [Yan09].

3.4. Femtosecond Electron Diffraction

1

2

7

496

5

10

3

Part Number  Description

1 pinhole screw

2  macor retaining ring

3  frame for magnetic lense

4 frame for photocathode

5  high voltage cable insolation

6 copper base plate

7  photocathode

8  copper hat

9 main body (teflon)

10 titanium anode

8

2.5 cm

Figure 3.3. Exploded view of the electron gun: The main parts are labeled 1-10 and explained
in the text.

Time resolved electron diffraction relies on the previously described pump probe principle.
The difference to an all-optical approach is the photoinduced change in the specimen not
being probed by a second laser pulse, but by the diffraction of an electron beam from the
sample. This requires a modification of the experimental scheme used in the all-optical
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(a) (b)

(c)

(d)

Figure 3.4. The partially dismantled electron gun: Panel (a) shows a side perspective of the
put together gun, however without the high voltage cable. The gun rests on four threaded rods
on top of a CF100 flange, with the titanium anode being visible and the magnetic lens on top.
(b) shows the Ti anode from a inner perspective. (c) depicts the tightly mounted photocathode
(pc). (d) the copper base plate.

pump probe setup. The liquid helium cryostat indicated in figure 3.2 is replaced by a
UHV chamber, accommodating the electron gun for conversion of light- into electron probe
pulses, a cold finger and a device to detect the electron diffraction pattern.
One subgoal of this work was to set up a 30 kV electron gun to study structural dynamics

in strongly correlated materials like high temperature superconductors or charge density
waves. To achieve this, the main challenge was to design the gun with a stable high voltage
supply while at the same time keeping it as compact as possible. Numerous runs of (re-)
designing and careful polishing of any part involved in the high voltage supply line were
finally successful. At the end of this thesis the gun could be stably operated at the quoted
voltage and provided exemplary electron pulses with ∼ 5000 electrons each (measured at
15 kV), however a detailed characterization is still under way.

3.4.1. The Electron Gun

The gun is completely machined out of UHV copper as copper provides high thermal con-
ductivity. This is an important property since the magnetic lens is directly mounted at the
top of the gun and subject to considerable heating during operation. The gun as shown
in figure 3.4 (a) resides on a CF100 UHV flange, which in turn will be mounted to the
chamber. Four threaded rods and spacers lift the base plate (part 6 of figure 3.3) off the
UHV flange. The base plate (see photograph in figure 3.4 (d)) features a plano-convex lens
(f=35mm) for tightly focusing the driving laser onto the gold layer of the photocathode
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(a) (b)

Figure 3.5. The electron gun mounted on the UHV chamber: Image (a) shows a side view
of the mounted electron gun in the chamber. The isolated high voltage conductor comes from
above. Image (b) illustrates the mounted high voltage feed through at the UHV chamber.

(pc). On top of the base plate rests the main teflon body (part 9 of figure 3.3), which hosts
the frame for the pc (part 4) and the pc itself (part 7). The pc is tightly attached to the
frame by the retaining ring (part 2), which features an external thread to screw it into the
main body. Figure 3.4 (c) shows the main with mounted pc. The extraction anode (part
10) provides an exchangeable pinhole, kept in place by the pinhole screw (part 1). The
anode is attached to the inside of the copper hat (part 8). It proofed that a manually pol-
ished titanium anode (figure 3.4 (b)) is most stable against arcing. The tedious procedure
of hand polishing turned out to be the only way to avoid scratches as obtained by machine
polishing. The Ti-anode was mounted in such a way that in the put together configuration
a 5mm distance from the pc was provided. In comparison to the DC vacuum break down
field strength of ∼ 100 kV/cm this distance can still be improved when aiming for shorter
electron pulse lengths.

The magnetic lens (part 3) is screwed on the outside of the copper hat, as shown in 3.4
(a). It features a device to attach a second pinhole. Finally, the UHV high voltage feed
through is designed on a CF40 flange (see figure 3.5 (b)) and is met from the inside of the
UHV chamber by the inner high voltage cable (not shown) and its insulation (part 5).

Although the electron gun works already in the high vacuum regime of 10-6mbar, UHV
conditions are necessary for working at cryogenic temperatures. From higher vacuum also
the high voltage stability will benefit. Clearly, not only the UHV compatibility of this gun
but also its high voltage design can be further improved in the future.

To achieve short electron pulses it is an convenient way to harvest the readily available
ultrashort light pulses from commercial laser systems. The conversion from light into elec-
tron pulses is achieved by making use of the photoelectric effect of the backside illuminated
pc, which serves as the centerpiece of the electron gun. During operation it is kept at a
potential of −30 kV and faces the extraction anode.
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3.4.2. The Photocathode
For the photocathode (pc) a ∼ 10 nm thin gold film is was used, evaporated onto a (0001)
oriented, optically polished sapphire plate. The sapphire plate has the advantage of being
highly thermally conductive in contrast to fused silica (th. conductivity λ ≈ 46W/mK and
λ ≈ 1W/mK at room temperature, respectively). While the gold film is being highly inert
to gases and thus provides a stable configuration for photoemission. This is important, as
the evaporation and the subsequent use of the film takes place in different chambers and in
the early stage of the setup the experimental chamber was often subject to flooding.
The deposition was done by thermal evaporation of the gold film on top of a few nm thin

chromium layer acting as adhesive. Afterwards, the central part of the sapphire plate was
shielded on the front and the backside, so that the edges of the plate could be overcoated
with a few hundred nm thick chromium film. The insert image of figure 3.4 (c) shows the
pc mounted inside the retaining copper frame. The central part of pc shines golden and is
surrounded by an evaporated chromium ring, which extends well onto the back side of the
sapphire plate to thoroughly contact the pc to the high voltage carrying copper ring. This
backside contacting of the pc proofed necessary, as all attempts of front side contacting
with thin foils or contacting silver failed and produced arcs. In doing so, the approach
outlined in [Siw04] was followed.
In a preliminary experiment the work function was determined by measuring the electron

current generated from the gun in response to different laser wavelengths. A pronounced
drop in the photocurrent, normalized to laser power, at a wavelength of ∼ 650 nm was in-
dicative for the transition from two- to three-photon absorption, suggesting a work function
φ for the gold film of φ ≈ 3.8 eV. This value is in accordance with the value provided by
[Tsa91].
Still, the pc is subject to permanent damage if arcing occurs directly or near its position.

The damage results in a loss of electrical conductivity or even in ablation of the gold film.

3.4.3. The Detection Unit
Preliminary measurements of the electron current were carried out by simply placing a
large piece of conductor in front of the electron gun connected to a picoamperemeter. In
the next the Faraday cup will precisely determine the electron current.
To image the diffraction pattern generated by the 30 keV electrons, we have set up a de-

tection scheme comprising a phosphor screen (40mm diameter) and a backside illuminated,
thermoelectrically cooled CCD camera. The camera is lens coupled to the phosphor screen.
However, the low electron current needs to multiplied to be detectable in the described
scheme. This is achieved by two micro channel plates (MCPs) stacked in a chevron like
arrangement. The MCPs have a pore size of 10µm and a center-to-center spacing of 12µm
with an aspect ratio of 80:1, providing a maximum gain of ∼ 109.
To increase the spatial resolution and the detection efficiency, the possibilities of direct

electron detection via backilluminated CCD cameras are under current study.
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Chapter 4.

The Charge Density Wave Compound
1T -TaS2

4.1. Motivation

Various reports on anomalies in the physical properties of 1T -TaS2 [Tho71, Tho72] have
attracted considerable research over the years, discovering a whole repertory of correlated
phenomena. Amongst them, Mott-insulating behavior [Tos76, Faz79], superconductivity
under pressure [Sip08, Liu09] and the formation of charge density waves with different
degrees of commensurability [Wil75, Spi97] have been reported. Clearly there are many
remaining questions of how to relate the different phenomena, especially concerning the
CDW state as recent reports challenge the classical Fermi nesting picture [Joh08, Cle07].
In the following, some basic properties and experimental findings of 1T -TaS2 are briefly

summarized in order to discuss our experimental results on structural dynamics in tantalum
disulfide presented in chapters 5 and 6.

4.2. Crystal Structure and the 2D Charge Density Wave

1T -TaS2 belongs to the family of layered transition-metal dichalcogenides (TMD). Based
on the stacking of three-atom-thick layers, TMDs feature quite simple crystal structures:
One plane of hexagonally arranged transition metal atoms (Nb, Ti, Ta,...) is sandwiched
between two planes of hexagonally packed chalcogen atoms (Se, S,...). These layers are
repeated along the crystallographic c-axis (two layers are shown in figure 4.1 (b)) where
they are linked together by a weak van der Waals interaction. However, within the TMD
sheets strong covalent bounding schemes are predominant [Wil75].
For the central transition metal atom two ligand coordinations have been observed:

Trigonal-prismatic and trigonal-antiprismatic (distorted octahedral) coordination [Spi97],
the latter being sketched in figure 4.1 (a). The 2H polytype of TaS2 consists solely of
trigonal prismatic layers, whereas the 1T polytype is built out of octahedral layers. Poly-
morphs with both types alternating have been observed as well. The basic structure
of 1T -TaS2 above 1100K is described by the point group P3m1 with lattice constants
a0 = b0 = 3.3649 Å and c0 = 5.8971 Å [Spi97]. It can be retained in the 1T form at room
temperature by quenching under sulphur atmosphere, where it remains metastable if not
reheated above 550K [Wil75]. In this case, all phases below 550K can be described as a
distortion of the high temperature phase.
There are several CDW related phase transitions when cooling the 1T polytype from the

metallic state above 550K. According to [Wil75, Ish95] all phase transitions are of first
order.
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(a) (b)
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Figure 4.1. Crystal structure of 1T -TaS2: (a) The central tantalum atom is octahedrally co-
ordinated by six sulphur atoms, point group P3m1. The lattice constants are a0 = b0 = 3.3649 Å
and c0 = 5.8971 Å [Spi97]. (b) shows two S-Ta-S layers stacked along the c-axis (view in [1,2,0]
direction). These layers are weakly linked to each other by van der Waals interaction.

Fermi-surface calculations [Myr75] and measurements [Cle07] together with experimen-
tal observations of Kohn-anomalies [Wil74] strongly suggest a classical Peierls-scheme
for the incommensurate CDW state in 1T -TaS2. However, for the commensurate state and
its rotation of 13.9 ◦ with respect to the lattice the Fermi-surface nesting driven CDW
origin is still under controversial discussion [Joh08, Cle06, Cle07].
The easiest way to understand the 2D CDW structure is to look at the tantalum plane in

the commensurate phase. Here, the in plane part of the CDW is described as a (
√

13×
√

13)
R13.9 reconstruction, meaning the new periodicity is prolonged by a factor of

√
13 and

rotated by 13.9 ◦ with respect to the original lattice vectors. The NCCDW and ICCDW can
be explained by different domains of commensurate and incommensurate CDW modulation
[Ish95].
Recent time resolved studies have aimed at further understanding collective excitations

of the CDW condensate as well as the nature of the phase transitions [Dem02] ,[Per08].
The structural information were predominately gained using X-ray and electron diffrac-

tion techniques as well as scanning tunneling microscopy (STM) [Bur91, Van92]. Direct
comparison between both techniques, where the first one is sensitive to the bulk material,
the latter one only to the surface, have proven no measurable difference between surface and
bulk CDW formation [Rem93, Tho94, Spi97, Bur92]. This is not surprising, as the CDW
arises from the quasi 2D character of the system and the long range order is retained by
3D interaction, which is also in the case of surfaces still provided. The periodic lattice dis-
tortion (PLD) is the part of the CDW which can be measured with diffraction techniques,
showing the evolution and rotation of the CDW below the metallic state [Ish91].
The commensurate 2D CDW manifests itself by the clustering of 13 tantalum atoms in

the a−b-plane – visualized by the hexagrams in figure 4.2: The central Ta atom resides upon
CDW formation unaltered in its position, whereas the 12 surrounding Ta atoms move closer
to it. Detailed analysis of these displacements via X-ray diffraction [Spi97] have shown that
the modulated structure can best be fitted by a sum of harmonics (21 harmonics for the
Ta atoms, 12 for the S atoms) with an overall displacement within the a − b-plane on the
order of ∼ .1 Å and little change along the c-axis (∼ .01 Å). The according displacements
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temperature range in [K] correspon.

phase on cooling on warming rec. CDW vector q angle to a∗0 [◦]

N T > 543 T > 543 – –

ICCDW 543 > T > 353 543 > T > 353 0.283a∗0 + 1/3c∗0 φ = 0

NCCDW 353 > T > 187 353 > T > 285 0.245a∗0 + 0.068b∗0 + 1/3c∗0 φ ≈ 12.3

T – 285 > T > 230 no value in lit. –

CCDW 187 > T 230 > T 0.2308a∗0 + 0.0769b∗0 + 1/13c∗0 φ ≈ 13.9

Table 4.1. The different CDW phases in 1T -TaS2 and their manifestation in reciprocal
space (as observed by scattering techniques): The values for q and φ are subject to
change even within the denoted phase and are therefore given as approximative values. The
nomenclature: N denotes the normal metallic phase (without CDW), ICCDW and NCCDW
abbreviate the incommensurate and nearly commensurate CDW state, respectively. The final
state is commensurate to the host lattice and will in the following be called CCDW. When heating,
the triclinic T phase is observed. Values for q are taken from [Spi97]. The transition temperatures
for the different phases vary within a few degrees according to literature [Ish91, Ish91, Dai95]

for the sulphur atoms are much smaller and mainly along the c-axis, resulting in a buckling
of the sulphur surface, observable by scanning tunneling microscopy [Bur91]. In figure 4.2
the unmodulated (a) and the CDW modulated (b) hexagonally arranged tantalum plane
is shown, whereby the displacement d(x, y) was taken into account by the gradient of the
sum of 3 harmonics

d(x, y) =
= A∇ [sin(x) + sin(cos(60)x + sin(60)y) + sin(cos(−60)x + sin(−60)y + 90)] . (4.1)

Here, x and y are orthogonal coordinates and the argument of the trigonometric functions
is given in degrees. The resulting vector field of (4.1) was finally adjusted to the CDW
wavelength of λCCDW =

√
13a in the a − b-plane, rotated with respect to the host lattice

by 13.9 ◦ and scaled by a factor A (chosen to best visualize the effect).
In electron diffraction studies [Ish91, Ish95] the CDW associated periodic lattice distor-

tion clearly manifests itself (see figure 4.3). The appearance of satellite peaks around the
Bragg reflections are unambiguously attributed to the CDW. As CDW wave vectors have
a non vanishing component along the c axis, first order satellite peaks – in a purely Bragg
focused alignment – are lacking intensity in comparison to second order CDW reflections;
clearly, these second order reflections lay in the same plane as the Bragg reflections of the
lattice do and are thus well focused on the detection unit.

4.3. Sample Preparation
The preparation of samples for femtosecond electron diffraction (FED) in transmission
geometry is one of the bottlenecks in current research, as a review of the published literature
proofs, see e.g. [Siw03, Cao03, Sci09, Lig09]1. To just cite one statement from [Wil09]: "A

1The main experiments in this field have been carried out on amorphous metallic films, as they can readily
be evaporated onto near atomically flat substrates. Subsequent dissolving of these carrier specimens
allows to mount the metallic films on TEM grids.
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(a) (b)

Figure 4.2. The tantalum plane of 1T -TaS2: Panel (a) shows the undistorted hexagonal ar-
rangement with corresponding lattice vectors. The hexagram is centered around one Ta atom,
including six nearest and six next nearest neighbor atoms. Panel (b) depicts the effect of the
periodic lattice distortion (PLD) in the commensurate CDW state. The central Ta atom of the
hexagram is subject to approach of the 12 neighbor atoms. For presentation purposes, the values
are exaggerated (details in text).

major limitation of the TEM is we need thin specimens". This is even more true in FED
experiments which additionally demand laterally large specimens, since the electron beam
is only very weakly focussed due to the urge for short pulse lengths. Along the path
direction, the intense interaction between ∼ keV electrons and matter limits the mean free
path of the electrons to tens of nanometers, specifying thereby the specimen thickness.
To meet this requirements several approaches have been undertaken especially with 1T -
TaS2. In the following different attempts in preparing specimens with dimensions of ∼
30 nm× 100µm× 100µm are shortly summarized.
First efforts by purely cleaving the sample with scotch tape and other adhesives have

proven to damage the sample and thus did not allow for large lateral sample sizes. Con-
tamination with remaining glue was usually only detectable by means of an optical or
electron microscope, even after treatment of the specimen with different solvents. This
technique however allowed for the production of a ∼ 100 nm thin 1T -TaS2 (see figure 5.3,
insert of panel (b)) which remained glued on a sapphire plate and was used in the all optical
pump probe measurement. For the employed laser wavelength of 800 nm, both the glue2
and the sapphire are transparent and served as a support of the film. Apparently, this is not
possible for electron diffraction and the next approach in order to get free standing films
was to use the focused ion beam column (FIB) of a scanning electron microscope (SEM)3.
It turned out that tantalum disulfide is very resistive to ion milling and the thinning of a
100µm · 100µm surface would need more than ten hours of operation. In addition to that,
already short milling times resulted in implanting gallium ions from the ion beam, leading

2Nordland Optical Adhesive 60 LOT 090
3Zeiss CrossBeam 1540XB
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Figure 4.3. Transmission Electron Microscope (TEM, 120 kV) images of 30 nm thin 1T -
TaS2 samples: The image at T = 363K corresponds to the incommensurate CDW phase. Upon
cooling the sample undergoes a first order phase transition into the nearly commensurate phase
(image at T = 350K), manifesting itself by the appearance of secondary CDW reflections. Finally
the commensurate phase (image at T = 170K) is reached with more pronounced and slightly
shifted CDW reflections. These measurements are in accordance with previously published work
by Ishiguro et al. [Ish91, Ish95].

to a doping level of ∼ 5 %, as determined by energy dispersive X-ray (EDX) spectroscopy.
As various studies [Faz79, Die99, Pro95] on the intercalation of different molecules and
atoms into the van der Waals-gap of 1T -TaS2 have reported quite profound effects on
the CDW related physics of the system, uncontrolled doping has to be avoided by any
means, at least at the early stage of a proof of principle experiment.

Reactive ion etching (RIE)4 of tantalum disulfide with SF6 and CF4 at first provided
quite large and homogeneous films, however to stop the etching process at the desired
specimen thickness turned out to be a tedious task. Still, analyzing the etched specimens
by EDX proofed that there was carbon implantation of about ∼ 5 %, eliminating any further
attempts for getting thin samples via RIE.

In the end, "cutting" slices from bulk tantalum disulfide crystals with an ultramicro-
tome5 produced laterally large samples with a thickness of just 30 nm. The profound two-
dimensional character of the material facilitates the cutting process, which actually should
rather be looked upon as a cleaving process. The main challenge in microtomeing single
crystals is to find the right crystal orientation and to align the knife in parallel with it. This
proves even more a difficult task, as the tantalum atoms readily react with the diamond
knife, thus not leaving many attempts to find the right cutting alignment. Already after
a few cuts, the used part of the diamond knife blunted and due to the resulting roughness
of the knife’s edge, broken stripes were cut instead of continuous films. From several slices
cut off the bulk crystal, usually only a few survived transferring to the TEM grid. Figure
4.4 shows two light microscope images of several films on a 60µm mesh sized TEM grid.
Transferring the cut films on a 100µm mesh sized grid produced at the very best only few
fully covered meshes.

4SENTECH SI 220
5Leica EM FC6 Microtome
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(a) (b)

100 μm

Figure 4.4. Light microscope images of 30 nm thin sheets of 1T -TaS2: Panel (a) shows
several microtome cut sheets of 1T -TaS2 on top of a copper TEM grid (pore size 60µm), imaged
under reflection illumination. The metallic character can be seen as well as a slightly buckled
surface. (b) depicts the same sample position, however illuminated using transmission geometry.
The scale bar applies to both images. For the experiment described in chapter 6, films as the
ones shown here were mounted on grids with 100× 100µm2 pore size.

4.4. Sample Characterization
In parallel to the efforts of producing thin films, the bulk crystals were confirmed to be
single crystals and not multi-crystalline. In order to do so, bulk samples were transferred
to a SEM. Prior to this examination, the top layer of the crystal was detached with scotch
tape, producing atomically flat and pure 1T -TaS2 surfaces. Subsequently, the whole surface
was analyzed by electron backscattered diffraction (EBSD), proofing that the samples were
indeed single crystalline. Figure 4.5 show SEM images of both the previously not cleaved
and therefore contaminated crystal (a) and freshly cleaved bulk tantalum disulfide. The
step features visible in image (b) are several micrometer high.
The uniformity of the crystal structure was subsequently confirmed for the thin film

samples with a 120 kV transmission electron microscope (TEM)6. As the lateral electron
beam size was on the order of ∼ 1µm, the local diffraction pattern of different spots within
one mesh was validating the single crystal property. To verify the appearance of the CDW
state in the samples, temperature dependent diffraction pattern between 400K and 150 K
was recorded and three frames thereof are shown in figure 4.3. We found full agreement
with previously published electron diffraction data [Ish91, Ish95].

6Zeiss Libra 120
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Chapter 4. The Charge Density Wave Compound 1T -TaS2

(a) (b)

Figure 4.5. Scanning electron microscope images of 1T -TaS2: Panel (a) shows an uncleaved
bulk material with strongly contaminated surface. In (b) the top surface of the crystal was
detached, yielding atomically flat steps of the surface.
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Chapter 5.

All-Optical Pump Probe studies of 1T -TaS2

Pump Probe experiments at a central wavelength of 800 nm have been carried out on bulk
1T -TaS2 predominantly in reflection geometry and on a ∼ 100nm thin 1T -TaS2 film in
transmission geometry. In both cases the samples had freshly cleaved surfaces and were
aligned in a way so that the laser pulses hit the specimen nearly orthogonal to the a − b
plane (see figure 4.1). Although the data shown lacks complete analysis with regard to
temperature- and excitation dependence, it exhibits already at this early stage a wealth
of information: A coherently driven CDW amplitude mode and two distinct relaxation
timescales τfast and τslow are observed, which are in agreement with data in the published
literature [Dem02, Per08].

5.1. Preliminary Results
Figure 5.1 shows typical changes in reflectivity of 1T -TaS2 in response to a pump fluence
of F = 0.1mJ/cm2 at different temperatures. When going from low to high temperatures
the signal intensity decreases, the oscillatory response is more suppressed and a change
in sign between negative and positive time delays is observed. The oscillatory response
is attributed to the generation of coherent phonons and collective modes of the CDW
condensate. The decaying signal intensity is attributed to the relaxation of photoexcited
quasi particles due to electron-electron and electron-phonon scattering. The CDW gap (see
section 1.5) serves as a bottleneck in this relaxation pathway. The observed offset after
several tens of picoseconds is due to an increased sample temperature and governed by heat
diffusion.
To further analyze the oscillatory response, the decaying signal intensity was assumed to

consist of two exponential decays. The response to a gaussian pump pulse is thus a convo-
lution with two exponential decays plus an error function. This describes the experimental
data well, as can be seen from the agreement between the fit and the transient shown in
figure 5.1 and in their difference, plotted in figure 5.2 (a). Figure 5.2 (b) shows the spectrum
of the remaining oscillatory response given by a fast Fourier transformation (FFT). The
spectrum exhibits several distinct frequencies at 1.5, 1.8, 2.0, 2.2, 2.5 and 3.2THz, which
are attributed to coherent oscillations of the periodic lattice distortion and are consistent
with Raman studies reported in the literature [SAI77]. In contrast to recently published
data [Tod04], we clearly observe the two distinct frequencies at 2.0THz and 2.2THz (see
figure 5.2 (b) insert) up to a temperature of ∼ 110K. The peak in the FFT spectrum
at a frequency of ωAM = 2.45THz is commonly attributed to the excitation of the CDW
amplitude mode (AM), sketched in section 1.6 [Dem02, Per08]. This attribution however
solely relies on indirect optical measurements of lattice dynamics like the all-optical pump
probe experiment shown here or time- and angular resolved photoemission [Per08, Sch08].
Therefore, direct structural probes like electrons (the application of femtosecond electron
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Figure 5.1. Induced change in reflectivity of 1T -TaS2: Three transients indicate the reduced
intensity and oscillatory response when increasing temperature. For clarity the transients are
shifted towards each other. The pump fluence for these measurements was F = 0.1mJ/cm2

at a repetition rate of 250 kHz. The indicated temperature values are nominal values and do
not account for continuous wave (cw) heating effects. Long-lived coherent oscillations and the
detectable change in reflectivity on the order of 10−5 are demonstrated by the insert.

diffraction on 1T -TaS2 is demonstrated in chapter 6) could greatly improve our understand-
ing of these collective excitations, provided they gain in signal to noise ratio and spatial
resolution.
The temperature dependence of the frequency of the AM ωAM is shown in figure 5.2

(c). The softening of the AM above T =∼ 190K can be understood by the reduced
commensurability in this higher temperature state. These measurements were carried out
when heating from the low temperature commensurate CDW (CCDW) phase to the nearly
commensurate (NCCDW) phase. Recent studies [Ish91, Ish95, Dai95] suggest a triclinic
phase (T) in the temperature range of ∼ 230 − 285K upon warming the specimen (see
table 4.1), thus separating the CCDW and the NCCDW phase. The data for both the
AM mode and the fast decay time suggest a phase transition at T ≈ 190K, however the
cw heating was not taken into account in the temperature scale. According to [Dem00]
the temperature increase due to cw heating is ∼ 10K for 10mW excitation power (at
T = 180K). This is by far not enough to describe the discrepancy between the actual phase
transition temperature of ∼ 230K and the observed value; however, the computed value
can deviate strongly from the observation due to bad thermal contact of the sample with
the cryostat or possible cracks within the specimen. Cracks, especially in parallel to the
a− b-plane can easily evolve because of the very weak van der Waals coupling between
adjacent layers (see figure 4.1 (b)). To comment on the suggested phase transition from the
T to the NCCDW phase, the shown data lacks information, as not enough measurements
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Figure 5.2. Pump probe studies of bulk 1T -TaS2: Panel (a) shows the transient oscillatory
change in reflectivity after substraction of the fit (see figure 5.1). Panel (b) represents the FFT
spectrum from (a), where the insert highlights two distinctly observable modes. The strong peak
at frequency ωAM = 2.45Thz corresponds to the excitation of the CDW amplitude mode. Panel
(c) depicts the temperature behavior of ωAM. In panel (d) and (e) the change in the fast and the
slow relaxation time constant is plotted, respectively.

in this temperature range have been made.
The slow decay time τslow does not show any clear temperature dependence, however

a suppression around the temperature of T ≈ 190K might be concluded. Above 200K
τslow ≈ 4ps whereas the value at temperature 320K is most probably an artefact. The
fast decay time decreases from τfast ∼ 500 fs below T ≈ 190K to τfast ∼ 200 fs above
T ≈ 190K .The drop in τfast can be understood by a partial closing of the band gap as the
phase transition reduces the commensurability of the CDW with the lattice [Dem02]. The
observation of τfast diverging below the phase transition has been reported in the literature
[Dem02]. This effect was interpreted within the framework of BCS theory [Dem99] and
led to the suggestion that τfast is related to the order parameter relaxation. However,
more recent results attribute the fast time scale to purely the dynamics of the electronic
subsystem of the CDW [Sch10]. In addition to that, the femtosecond electron diffraction
studies presented in chapter 6 only exhibit a relaxation time τslow ≈ 4 ps suggesting that
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Figure 5.3. Pump probe studies of a 1T -TaS2 film in transmission: Panel (a) shows
pump probe transients at different temperatures of a 100 nm thin film at a pump fluence of
F = 0.1mJ/cm2. Panel (b) shows the FFT spectrum of the oscillatory part of the 5K tran-
sient. The insert depicts a transmission light microscope image of the used film, the scale bar
representing 200µm

the actual order parameter relaxation is on the lower ps time scale.
The transmission measurements were carried out on a ∼ 100nm thin film mounted on

a (0001) oriented sapphire plate. Careful cleaving of the crystal resulted in large areas
of acceptably homogeneous regions. However, the different thermal expansion coefficients
between sapphire, sample and the glue led to a vast amount of hairline cracks all over the
film after having cooled down to T = 5K, thus reducing the usable signal significantly.
This drawback could be overcome by using free standing films like the ones used for the fs
electron diffraction experiment described in chapter 6.
Transients at indicated nominal temperatures are shown in figure 5.3 (a) and panel (b)

depicts the FFT of the 5K transient. The spectrum strongly resembles the one of the bulk
specimen (figure 5.2 (b)), showing the amplitude mode and the two frequencies at 2.0 and
2.2THz even more pronounced. As already mentioned, the signal to noise ratio is worse
than for the bulk specimen, especially at higher temperatures, thus eliminating any further
quantitative analysis.
Using free standing specimens for measuring transmission and reflection in parallel might

gain insightful information on the time- and fluence-dependent phonon spectrum.
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Chapter 6.

Femtosecond Electron Diffraction on 1T -TaS2

Numerous all-optical time-resolved experiments have been performed on CDWs, probing
essentially the electronic subsystem [Dem99, Dem02, Sch08]. However, the dynamics of
the CDW associated periodic lattice distortion (PLD) could only be determined indirectly
[Tom09].
To study the dynamics of the PLD, time resolved structural probes are required. The

rapid development of fs X-ray [Fri07, ST03] and fs electron diffraction (FED) methods
[Siw03, Bau07] has made it possible to directly map structural changes in solids induced
by laser excitation. In particular FED due to its high scattering efficiency and near perfect
overlap between the penetration depths of the excitation light and the probe electrons,
is becoming an emerging new tool to investigate structural dynamics in correlated solids
[Sci09].
Here, direct atomic level information on the structural dynamics is provided, using fs

electron diffraction (FED) to study the quasi 2-D CDW system 1T -TaS2. The results reveal
highly cooperative atomic motions involved in the collapse of the PLD which proceed with
τmelt = 170 ± 40 fs, shorter than 1/2 of a period of the corresponding collective mode,
indicative of an electronically-driven process. The rapid energy transfer to optical phonons
with τe-ph = 350 ± 50 fs and the recovery of the CDW with τrec = 4ps shed new light on
the order parameter relaxation phenomena in Density Waves.
With pump fluences which are equivalent to the energy needed for heating 1T -TaS2 into

the incommensurate CDW state, the phase transition is observed to take place on the sub
picosecond timescale. The results are discussed in appendix A.

6.1. The Femtosecond Electron Diffraction (FED) Setup

It should be pointed out, that all FED experiments presented in the following were per-
formed at the Institute for Optical Sciences and Departments of Chemistry and Physics,
University of Toronto, Toronto, ON, Canada in the framework of a collaboration with Prof.
R.J. Dwayne Miller’s group. The setup was developed by C. Hebeisen [Heb09] and
is described e.g. in [Heb09, Har09]. It is built in transmission geometry, where temporal
mismatch and surface charging effects are negligible [Par09]. The main characteristics are
summarized as follows:
A flash lamp amplified Ti:sapphire laser delivers 180 fs pulses centered around a wave-

length of λ = 775 nm at a one kHz repetition rate. Passing a beam splitter each pulse is
divided into two whereas one will serve for sample excitation and the other for driving a
photocathode. In order to do so, the first pulse is frequency doubled by means of a BBO
crystal1 to a central wavelength of λ = 387nm with 140 fs and is directed near orthogonally

1Beta barium borate (β-BaB2O4) features highly nonlinear optical properties.
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6.2. Experimental Findings

onto the sample. This pump pulse was focused to a 350µm spot (full width half maximum)
at the sample position. The second pulse is fed to a Non-collinear Optical Parametric
Amplifier (NOPA) yielding 20 fs output pulses at λ = 510nm. Subsequent focussing on a
back illuminated gold photocathode results via two-photon photoemission into an electron
pulse. Subsequently, the electrons are accelerated by a voltage of 50 kV guiding the beam
through a collimating magnetic lens onto the detector. To determine the electron current
a Faraday-cup was used yielding 4000 electrons per pulse. The electron pulse duration
was determined to 200 fs (FWHM), using a recently developed electron/laser-pulse cross-
correlation method based on ponderomotive scattering, as described in [Heb09]. Thus the
overall instrumental response was 250 fs (FWHM).
For imaging the diffraction pattern, the sample-scattered electrons were multiplied by

a pair of impedance matched chevron-configured micro channel plates (MCPs) providing
maximum gain up to 106. The MCP output is directed onto a phosphor screen which
is photographed by a 1 megapixel thermoelectrically cooled, backside illuminated CCD
camera.
In this experiment the sample was thermally connected via several thick copper wires to

a liquid nitrogen cooled cold finger. This way a stable temperature of about 200K could be
achieved, measured by a platinum resistive temperature sensor (RTD Pt100). In order to
watch structural dynamics, the interval between the UV excitation and the electron probe
pulse was varied by 100 fs - 500 fs steps in the usual pump probe manner (see section 3.1).
Samples of 1T -TaS2 where prepared as described in section 4.3 yielding 100 × 100µm2

large (extending in the crystallographic a−b−plane) and 30 nm thin samples. The specimens
were picked up from the microtome knife onto a conventional TEM cooper grid (see figure
4.4). The grid was clamped to the sample holder ensuring good thermal contact.
The sample chamber was kept at a background pressure of 10−7 mbar; at this pressure, no

crystallization of water on the sample surface was observed. The chamber for the electron
gun was differentially pumped and operated at a pressure of 10−9 mbar.
Several different samples were measured in the FED setup, whereas all of them had been

characterized at different temperatures in a 120 kV TEM previously (see figure 4.3). The
observed diffraction patterns at different CDW phases were in agreement with the ones
found in the literature [Ish91, Ish95].

6.2. Experimental Findings

In this study we have investigated the dynamics of the PLD in 30 nm thick, freestanding
single crystalline slices of 1T -TaS2, utilizing FED in transmission geometry along the crys-
tallographic c-axis (see figure 4.1). The diffraction pattern of the nearly commensurate
CDW phase (NCCDW) (T = 200K) recorded in this setup is displayed in figure 6.1 (a)
with the assignment of some of the scattering vectors. The bright reflections correspond to
Bragg peaks of the underlying host lattice. Each of them is, in the CDW state, surrounded
by six weak satellite peaks originating from the PLD with modulation wave vectors qi, (see
insert of figure 6.1 (a)). As the CDW wave vectors have a non vanishing component along
the c∗ axis, first order satellite peaks – in a purely Bragg-peak focused alignment – are
lacking intensity in comparison to second order CDW reflections (qi + qj); clearly, these
second order reflections lay in the same plane as the Bragg reflections of the lattice do and
are thus well focused on the detection unit. Using a less collimated electron beam in FED
than in the TEM, first order satellites are, however, still quite intense. The projections
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Figure 6.1. FED data in the NCCDW phase of 1T -TaS2 at T = 200K: Panel (a) shows the
equilibrium diffraction pattern in logarithmic scaling. Bright spots correspond to Bragg peaks
of the underlying host lattice and are surrounded by six first order CDW satellites qi, having an
out-of-plane component of ±1/3c∗ (red and blue circles, respectively, see insert) [Ish91]. (b) The
blow up of the diffraction intensity I near the (2-10) Bragg peak. For presentation purposes the
image was symmetrized with respect to the six-fold rotation axis. The secondary CDW satellites,
e.g. q1 − q2 , are clearly resolved. Frames (c)-(g) (area of the white square indicated in panel
(b)) show the evolution of the relative change in the diffraction intensity (∆I/I) at several time
delays (see bottom time axis) following PE with a 2.4 mJ/cm2 optical pulse. These images were
obtained by averaging ∆I/I over all individual Bragg reflections to increase the signal to noise
ratio. A more detailed description on the data processing is given in appendix A. The circle in
frame (g) represents the area where the inelastic background intensity was recorded.

of the qi on the basal plane, with |qi|ab ≈ 0.28a∗, are tilted away from the closest funda-
mental lattice vector by a temperature dependent angle φ, see table 4.1; in the NCCDW
phase φ ∼ 12.3 ◦, dropping to φ ∼ 0 ◦ at the NCCDW-ICDW phase transition at 350K
[Scr75, Ish95].
The time evolution of the relative change in diffraction intensities following photoexcita-

tion (PE) is depicted in figure 6.1, frames (c)-(g) for several pump probe delays. As can
be seen already from the images, the intensity of the CDW satellites, ICDW, gets strongly
suppressed by ∼ 40 % on the timescale of several 100 fs. The corresponding suppression
of the PLD gives rise to a more efficient scattering into the Bragg reflections of the host
lattice, manifested by an increase of the Bragg peak intensity, IBragg, by ∼ 20 %. This
opposing change in diffraction intensity is a rather uncommon effect and clearly illustrates
the highly correlated motion of the atoms strongly coupled to the electronic distribution. In
the CDW state, the presence of the PLD suppresses IBragg in a similar fashion as the effect
of the thermally induced disorder [Mor81], i.e. the presence of PLD can be viewed upon
as a quasi Debye-Waller effect. The decrease in ICDW and the accompanying increase
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in IBragg illustrate a cooperative process in which the optical redistribution of the electron
density has efficiently becalmed the CDW amplitude. Following the initial increase, IBragg
is found to partially recover on the sub-picosecond (ps) timescale. This is accompanied
by an increase in the inelastic background intensity Ibckg – see the intensity changes in
reciprocal space in the area indicated by the circle in figure 6.1 (g) for the frames between
300 and 5800 fs. This process can be attributed to generation of phonons with non-zero
momentum (q 6= 0), hence IBragg is reduced due to an increase in the inelastic background
(the conventional Debye-Waller effect). This is, in turn, followed by the partial recovery
of the CDW on a timescale of a few ps, demonstrated by the increase in ICDW and further
suppression of IBragg (the recovery is however incomplete due to an increase in the lattice
temperature), again illustrative of a remarkably highly cooperative response.
To further elaborate and quantify the observations we plot in figure 6.2 (a) the time-

evolution of the relative change in the Bragg (∆I/IBragg), the inelastic background (∆I/Ibckg)
and the CDW peak (∆I/ICDW) intensities. All three transients represent the average over
all accessible diffraction orders to increase signal to noise (see discussion in appendix A).
The first noteworthy feature of the data shown in figure 6.2 (a), and elaborated in more
detail in figure 6.3 (a), is the apparent difference in the rise and fall-times of ∆I/IBragg
and ∆I/ICDW, respectively. While the maximum of the Bragg transient is reached at a
time delay of ∼ 300 fs the minimum of ∆I/ICDW is reached at a time delay of ∼ 600 fs, as
indicated by the dashed and solid vertical lines in figure 6.3 (a), respectively. At t ∼ 600 fs
∆I/IBragg is already substantially reduced. This difference in behavior can be naturally
explained by considering the effect of both the PLD suppression and the increase in q 6= 0
phonon population, on the two diffraction intensities. For the case of ∆I/IBragg the first
gives rise to its increase (the host lattice becomes more ordered as the "frozen-in" phonon
is strongly suppressed) while the increase in q 6= 0 phonon density (Debye-Waller ef-
fect) features the opposite effect. For ∆I/ICDW, however, both parameters give rise to its
suppression. Indeed, from the fast recovery of ∆I/IBragg and the corresponding increase
in ∆I/Ibckg it follows, that the energy transfer to q 6= 0 phonons in 1T -TaS2 takes place
on the time-scale of a few hundred fs. This also explains the longer timescale at which the
minimum ∆I/ICDW is reached: it is the result of both, the decrease in the amplitude of
the PLD and phonon induced disorder.
Despite the fact that a large amount of energy is transferred to phonons on the sub-

ps timescale, the system is not yet in thermal equilibrium after this process. A partial
recovery of the CDW amplitude is clearly observed in ∆I/IBragg, ∆I/ICDW, as well as
in ∆I/Ibckg. This recovery is related to phonon relaxation to longer wavelength acoustic
phonons uncorrelated to the lattice parameter for CDW formation. The accompanying
timescale is well decoupled from both sub-ps timescales. By fitting the recovery of ∆I/ICDW
with an exponential decay plus an offset (resulting from the overall increase temperature
once quasi-equilibrium is established), we obtain the CDW recovery time, τrec = 4.5±0.5 ps.
To further determine the timescales responsible for the CDW suppression and their

microscopic origin, we analyze the dynamics of ∆I/IBragg. By fitting (see appendix A)
the ∆I/IBragg transient (dashed black line in figure 6.3 (a)), taking into account both
the finite optical and electron pulse widths, we determine the timescale for the CDW
melting, τmelt = 170 ± 40 fs, and the timescale for the electron-phonon thermalization
τe-ph = 350± 50 fs. PE with an intense optical pulse, and the subsequent electron-electron
scattering creates a high density of electron-hole pairs within . 100 fs, raising the effective
electronic temperature. Thereby the electronic susceptibility at the nesting wave vector,
whose divergence is probably the main cause for the CDW formation, is strongly suppressed.
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Figure 6.2. The time-evolution of the diffraction intensities following photo-excitation
with 2.4 mJ/cm2: (a) The relative change in the diffraction intensity (∆I/I) for the Bragg peak
(red symbols), CDW peak (blue symbols) and the inelastic background (open circles). Fits to
the data are shown with black dashed lines. The initial drop in Ibckg is an artefact, a result of
the decrease in the diffraction intensity of the nearby CDW peaks, whose tails extend well into
the region where the inelastic background was evaluated (see figure 6.1 (g)). The fast recovery
time of ∆I/IBragg matches the rise-time dynamics of ∆I/Ibckg and proceeds on the timescale
of 350 fs, consistent with the rapid transfer of energy to thermal phonons. The second stage
of recovery, observed in all traces, proceeds with a time-constant of ∼ 4.5 ps, and presents the
recovery of the CDW order parameter. (b) The differential reflectivity change of the all optical
pump probe experiment at 1.5 eV (800 nm), recorded at the same temperature and with the same
excitation energy density. The signal has been offset vertically for presentation purpose. The
recovery dynamics proceed with two time constants, 150 fs and 4 ps, the latter one matching
the time-constant of CDW recovery. The oscillatory response corresponds to coherently excited
phonon (amplitudon) modes, see section 1.6 for more details and [Dem02, Per08].

As the driving force of the PLD is effectively turned off, the ions start a highly cooperative
(coherent) motion towards their new quasi-equilibrium positions. Indeed, the timescale for
the lattice rearrangement τmelt is less than one half of the period of the amplitude mode,
which is ∼ 450 fs2. To compare the structural dynamics data to that of the electronic
subsystem, we have also performed all-optical pump-probe measurements (see chapter 5),
where the optical probe is mainly sensitive to changes in the electronic subsystem and infers
only indirectly on the structural dynamics. The photoinduced reflectivity change, shown
in figure 6.2 (b), shows a rapid onset on the 100 fs timescale, followed by a fast recovery
with the decay time of 150 fs and subsequent slower decay with a relaxation time of ∼ 4 ps,
nearly identical to τrec observed in the FED studies. Comparison with the structural dy-
namics reveals, that the fast time scale is not related to the coupled electron-lattice order

2Here, the amplitudon with a frequency of νamplitudon ≈ 2.2 THz was taken into consideration, derived
from the all-optical measurements (see chapter 5) and consistent with literature [Per08, Dem02]
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Figure 6.3. The early time dynamics and the structural evolution of 1T -TaS2 upon PE:
(a) The maximum induced change in the Bragg (CDW) peak is achieved ∼ 300 fs (600 fs) after
PE, indicated by the dashed (solid) vertical line. Panels (b)-(e) show the evolution of the real-
space structure in the Ta plane of 1T -TaS2 following PE with an intense optical pulse (red spheres
represent Ta atoms, the displacements are calculated according the procedure described in section
4.2 and are strongly exaggerated for illustration purposes). Prior to PE the tantalum atoms are
periodically displaced from their pure 1T structure, forming the NCCDW phase. (b) Intense
perturbation of the electronic system gives rise to a strong suppression of the super-modulation
within τmelt = 170± 40 fs, i.e the host crystal lattice becomes more ordered, nearly recovering of
the hexagonal symmetry. (c) In parallel the energy is transferred from the electronic subsystem
to thermal phonons with τe-ph = 350±50 fs resulting in thermally induced anisotropic disordering
(d). The CDW order is partially recovered with τrec = 4.5 ± 0.5 ps (e), after which time the
sample is thermalized at a somewhat higher temperature.

parameter, but is instead most probably related to a purely electronic mode [Sch10]. In the
optical data, owing to the high signal-to-noise ratio, in addition to the electronic response, a
weak oscillatory signal is also observed. It corresponds to the totally symmetric amplitude
mode, whose amplitude is evidently much smaller than the noise level in the FED data.
Complementary information to the above findings comes from considering the energy

flow following PE. In the experiments with fluence F = 2.4 mJ/cm2, no signature of the
NCCDW-ICDW phase transition is observed. Only at F = 4.8 mJ/cm2 the photo-induced
NCCDW-ICDW transition is realized, demonstrated by a rotation of qi by φ ≈ 10◦ (see
figure A.3 in appendix A). In this case, however, no recovery to the NCCDW is observed on
the ps timescale. Using the literature values of the optical constants and the overall specific
heat (see appendix A) one obtains a temperature increase of 90 (180)K corresponding to
F = 2.4(4.8) mJ/cm2. This implies that the energy required to drive the phase transition
is comparable to the energy required to simply heat up the sample to the phase transi-
tion. This can be understood, as our findings suggest, as a rapid energy transfer from
the electronic system to thermal phonons (τe-ph = 350 ± 50 fs), which is competing with
the electronically driven CDW melting process (τmelt = 170 ± 40 fs). Interestingly, similar
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conclusions can be drawn also for the 1D CDW compound blue bronze K0.3MoO3 [Sch10].

6.3. Summary
These results demonstrate that FED in transmission geometry can be used to study com-
plex phenomena like melting and recovery of the order parameter in CDWs, opening new
pathways to investigate a myriad of cooperative systems where lattice plays an important
role. The direct structural information illustrates the immediate optical manipulation of
the order parameter, leading to a suppression of the PLD amplitude on a timescale of 170 fs.
This timescale is faster than one half of a period of the corresponding lattice vibration, in-
dicative of electronically induced changes in the lattice potential. The recovery of the CDW
however proceeds on a timescale of several ps, implying that the ultrafast initial process,
studied extensively with all-optical techniques, is related to the (partial) recovery of the
electronic part of the order parameter alone.
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Detailed analysis of the FED data on 1T -TaS2
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Figure A.1. Analysis of the diffraction pattern of 1T -TaS2 at 200K in dependence of the
diffraction order: (a) The diffraction pattern on logarithmic scale with the individual diffraction
orders marked by circles crossing the Bragg peaks. The table lists the length of wave-vectors
of the individual rings in units of the fundamental lattice vector a∗. Panels (b)-(d): The time
evolution of the relative change in the diffraction intensity for the Bragg peaks (b), the CDW
peaks (c) and the inelastic background (d) of individual diffraction orders (symbols), together with
their respective average (red line). The data were recorded with a fluence of F = 2.4 mJ/cm2.
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A.1. Time Evolution with Respect to Different Diffraction Orders

A.1. Time Evolution of Bragg-, CDW- and Inelastic Background
Transients with Respect to Different Diffraction Orders

In order to increase the signal to noise ratio, the data on the time evolution of the ∆I/IBragg,
∆I/ICDW and ∆I/Ibckg shown in figures 6.2 and 6.3 were obtained by averaging over all
diffraction orders. Here, the time evolution of the individual diffraction orders is shown
separately in figure A.1. We recognize that the amplitudes show a pronounced variation
in respect to the diffraction order. However, the dynamics of the diffraction intensities
observed in the individual diffraction orders matches the dynamics of the average change.
Therefore averaging over different diffractive orders to obtain better signal to noise is legit-
imate for extracting only the relevant timescales.

A.2. Detailed Description of Normalized Differential Diffraction
Images

From the normalized differential diffraction images shown in figure 6.1 (c)-(g) it may seem
as if the width of the CDW peaks is substantially narrower than the width of the Bragg
peak. Secondly, the donut like pattern for the central Bragg peak (see figure 6.1 (e) and its
replication in A.2 (a)) raises questions on whether there is a change in the shape of the peak.
Fits of the diffraction images show that the width of the CDW peak is the same as that of
the Bragg, and that there is no change in the peak widths observed as a function of time
delay. Still, some clarification of the procedure used to obtain the normalized differential
images may be in order and is summarized in figure A.2: First of all, the intensity of
the CDW reflections is substantially lower than the one for the corresponding Bragg
peaks: ICDW ∼ 0.08IBragg. The corresponding one-dimensional cross-section through the
diffraction image is shown in figure A.2 (b) as black line together with its decomposition
into Bragg- (red dashed line) and CDW peak (green dotted line). At each time delay we
record two images, one with PE (signal) and one without PE (reference). In order to capture
the induced relative changes in the diffraction intensity, the difference between signal and
reference needs to be divided by the reference. Due to noise, where sometimes individual
pixels are overexposed or dead, we use the following normalizing procedure. Instead of
dividing the difference by the reference, we divide the difference by a shifted Gaussian
(dashed blue line in panel (b)), which is obtained by fitting only the Bragg peak of the
reference image and adding a small offset to the fit, so that the intensity at the CDW peak
position exactly matches its measured intensity in the reference image. By doing this, the
relative change in the centre of the CDW peak is nearly exact, whereas the relative change
in the Bragg intensity is underestimated by about 8% of its value.
Apart from the noise reduction, this procedure has the advantage that the induced

changes in the structure can be better visualized. To explain the effect of this normal-
ization procedure, a simulation of the diffraction images is presented figure A.2 (c)-(f). The
diffraction image before PE, I0 has been modeled by one high intensity Gaussian for the
central Bragg peak surrounded by six weak CDW peaks. Upon PE, the Bragg peak
intensity was increased by 10% whereas the CDW peak intensities were suppressed by
40%; the values given in the images were chosen to resemble the experimental data. Let
us label this corresponding diffraction image after PE (not shown) as IPE. The difference
between the two diffraction images (IPE − I0) is shown in figure A.2 panel (c). Panel (d)
shows the corresponding normalized image (IPE−I0)/I0. As expected, the resulting relative
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Figure A.2. Details of the normalized differential diffraction images of figure 6.1: (a)
Experimental relative change in diffraction intensity at 300 fs after PE (replication from figure
6.1 (e)). Panel (b) shows a one dimensional cross-section through the intensity profile, with
decomposition of the Bragg and CDW peaks. (c)-(f) The simulated change in the diffraction
intensity: (c) is the difference between the reference image and the image for 300 fs after PE. (d)
shows the relative change of the difference image. (e) finally shows normalization of the difference
pattern by the shifted Gaussian (1D representation as dashed blue line in panel (b)). When
considering contributions from inelastic scattering to the diffraction pattern, the donut shape in
the central Bragg peak of the experimental data (a) can be reproduced. For both (e) and (f)
random noise was added to compare the results with the experimental data.

change near the center of the Bragg peak is 10% and away from it the relative change is
dominated by CDW peaks and accounts for -40% (note here that no experimental noise,
nor background is present). However, normalizing the difference diffraction pattern with
the shifted Gaussian, ISG, as it was done for the visualization of the experimental data,
i.e. (IPE − I0)/ISG, the resulting image (see figure A.2 (e)) captures the experimental data
shown in panel (a). By adding some extra intensity to the value of IPE, which is due to
the phonon induced increase inelastic scattering, we reproduce even the donut shape of
the normalized change in the Bragg peak, as shown in panel (f). Without affecting these
qualitative behavior, the inelastic background was modeled to slightly decrease when going
radially away from the central Bragg peak. This behavior was observed in the experimen-
tal data and can also be explained from a thorough treatment of thermal diffuse scattering
[War69].
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A.3. FED at Fluence 4.8 mJ/cm2
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Figure A.3. The time evolution of the diffraction pattern recorded at F = 4.8 mJ/cm2:
The images visualize the photoinduced driving of the NCCDW-ICCDW phase transition. Scaling
of the diffraction patterns is linear, without substraction of reference images. The CDW peak
positions in the NCCDW state are indicated by crosses, which serve as a guide to the eye to see
the rotation by φ ∼ 10◦ of the peak pattern.

A.3. FED at Fluence 4.8 mJ/cm2

Figure A.3 shows the diffraction images for a pump fluence of 4.8 mJ/cm2 at several time
delays. The scale is linear, with the range chosen so that the dynamics of the CDW
peaks are clearly resolved. The crosses in the diffraction images indicate the position
of the CDW peaks at negative time delays. A dramatic suppression and a rotation by
φ ∼ 10◦ of the six CDW peaks is observed on the sub ps timescale. Therefore, the phase
transition from the NCCDW to ICCDW state is driven (see table 4.1). Since in this
case PE results in both, a pronounced change in the intensities and in the position of the
CDW reflections, a quantitative analysis of the differential diffraction pattern becomes too
complicated, especially when considering the low signal to noise ratio.

A.4. Fitting Procedure
In order to determine the timescale of the electronically driven suppression of the PLD, we
analyze the dynamics of ∆I/IBragg(t) taking into account the durations of the photoexciting
optical pulse (σopt = 140 fs) and of the probing electron pulse (σel = 200 fs). Here, σ denotes
the full width at half maximum (FWHM) of the respective pulse.
We assume a simple model, where ∆I/IBragg(t) =: n(t) can be described by

dn
dt = −n

τ
+G(t, σ), with G(t, σ) =

√
2
π

1
σ
e−2t2/σ2

. (A.1)

G(t, σ) represents the driving impulse at t = 0, which has a Gaussian shape with FWHM of
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σ and τ is the initial recovery due to generation of phonons. In the case of an instantaneous
response, i.e. if the PLD suppression would follow the optical excitation pulse, σ would
equal the optical pulse width σopt. Since, however, both the initial electron-electron ther-
malization and the actual lattice rearrangement require some time, we leave σ as a fitting
parameter. Equation (A.1) has a simple analytical solution

n(t) = n0
2 e

σ2
8τ2

(
1− erf

(
σ2 − 4tτ
2
√

2στ

))
e−

t
τ . (A.2)

Here n0 is the resulting change in ∆I/IBragg(t) for the case τ � σ and erf is the error
function. Taking into account that the rise-time dynamics, described by the (1-erf) term,
can only be affected by the fast decaying component, i.e. when τ ∼ σ (which is not the case
here), equation (A.2) can be generalized to take into account also longer relaxation times.
For example, by replacing in (A.2) the factor e−

t
τ with Ae−

t
τ + Be−

t
τ2 , where A + B = 1

and B describes the recovery process with τ2 � τ, σ, the entire trace can be fitted.
To be able to compare (A.2) with the experimentally measured ∆I/IBragg(t) =: nexp(t),

equation (A.2) has to be convoluted with the probe pulse, described by a Gaussian with
σel = 200 fs:

nexp(t) =
∞∫
−∞

n(t− x)G(x, σel)dx (A.3)

The best fit to the data using (A.3) is obtained by a numerical analysis with σ = 220 fs
and τ = 350 fs, plotted in figure 6.3 (a). From the determined value for σ we estimate the
timescale, τmelt, on which the rearrangement of atomic positions takes place. Assuming
that the electron-electron scattering time is faster than the optical pulse duration [Per08],
it follows from σ2 = σ2

opt + τ2
melt that τmelt ≈ 170 fs.

A.5. Estimation of Laser Induced Temperature Increase in
1T -TaS2

Following photoexcitation and initial relaxation phenomena on fs and ps timescales, the
quasi-equilibrium is achieved, where the temperature is higher than the initial temperature,
and its recovery is governed by heat diffusion. The increase in the sample temperature can
be estimated based on the published values for the specific heat [Suz85] and the absorbed
energy density, determined from the published optical properties of 1T -TaS2 [Bea75]. From
the value of reflectivity at a wavelength of λ = 387 nm, R ∼ 20%, and the optical pene-
tration depth of ∼ 90 nm [Bea75] it follows that the absorbed energy density in our 30 nm
thin film is ∼ 170 (340) J/cm3 at a excitation fluence of F = 2.4 (4.8) mJ/cm2. With the
specific heat, Cp ∼ 1.85 J/cm3K, which is nearly temperature independent above 200K, the
resulting temperature increase is ∆T ≈ 90(180)K.
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Appendix B.

Zusammenfassung

Die vorliegende Diplomarbeit beschäftigt sich mit der strukturellen Dynamik von Charge-
Density-Wave (CDW) Systemen. Aufgrund ihrer quasi niedrigen Dimensionalität sind
CDWs ideale Modellsysteme um die Wechselwirkungen von unterschiedlichen Freiheits-
graden wie Spins, Elektronen, Gitter, etc. – welche bei makroskopischen Quantephänome-
nen wie Hochtemperatursupraleitung und Riesenmagnetowiderstand auftreten – zu er-
forschen. In dieser Hinsicht sind Femtosekunden (fs) zeitaufgelöste Techniken ideale Werk-
zeuge um ultraschnelle Prozesse in besagten Materialen anzuregen und gleichzeitig die ver-
schiedenen Relaxationswege und Wechselwirkungen zwischen verschiedenen Subsystemen
nachzuverfolgen [Ave01, Oga05, Kus08]. Besonders 1T -TaS2 beherbergt eine Vielzahl von
sog. korrelierten Phänomenen, angefangen vom Mott-Isolator-Zustand [Tos76, Faz79] über
Supraleitung unter Druck [Sip08, Liu09] bis hin zur Ausbildung unterschiedlich kommen-
surabler CDWs [Wil75, Spi97].
Im Folgenden werden photoinduzierte transiente Änderungen der Reflektion und Trans-

mission von 1T -TaS2 bei verschiedenen CDW Phasen präsentiert. Im Experiment wur-
den unter anderem eine kohärente CDW Amplitudenmode und zwei Relaxationszeitskalen
τfast ∼ 200 fs und τslow ∼ 4 ps beobachtet, welche typisch für CDW Systeme sind [Dem99].
Weiterhin wird die Frequenzverschiebung der Amplitudenmode und die Änderung der
Relaxationszeitskalen beim Übergang von der kommensurablen zur fast-kommensurablen
Phase diskutiert.
Eine Grundvoraussetzung für die direkte Untersuchung der strukturellen Dynamik durch

fs Elektronenbeugung ist die Verfügbarkeit von Proben mit einer Dicke von einigen zehn
Nanometern, gleichzeitig aber mit lateralen Abmessungen im Bereich von mehreren hun-
dert Mikrometern. Die Herstellung von 1T -TaS2 Proben mit einer Abmessung von 30 nm×
100µm× 100µm wird ebenso vorgestellt wie deren Charakterisierung durch temperaturab-
hängige Transmissionselektronenmikroskopie (TEM), Rasterelektronenmikroskopie (REM)
und energiedispersive Röntgenspektroskopie (EDS).
Die Erzeugung von fs Elektronpulsen kann durch das kompakte Design einer Elektro-

nenkanone ermöglicht werden [Siw04, Dwy05]. In dieser Arbeit wird die Entwicklung einer
kompakten, rückseitig beleuchteten 30 kV Elektronenkanone beschrieben. Obwohl die voll-
ständige Charakterisierung noch nicht abgeschlossen ist, werden die Haupteigenschaften
der Konstruktion erläutert.
Schließlich werden direkte Messungen der Strukturdynamik von 1T -TaS2 durch fs Elek-

tronenbeugung vorgestellt. Es zeigt sich, dass die periodische Gittermodulierung der CDW
innerhalb von τmelt ≈ 170 ± 40 fs kollabiert. Dies ist schneller ist als die Hälfte der ko-
rrespondierenden Amplitudenmode und deutet daher auf einen elektronisch getriebenen
Prozess hin. Der Energietransfer zu optischen Phononen findet innerhalb von τe-ph ≈
350 ± 50 fs statt. Die Relaxation der CDW passiert auf einer Zeitskala von τrec ∼ 4 ps,
welche identisch zum rein optisch gemessenen Wert τslow ist. Die Relaxation des Ord-
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nungsparamters in CDW Systemen läuft daher auf der Picosekunden Zeitskala ab. Bei
Anregeflüssen, die vergleichbar sind mit der Energie um 1T -TaS2 in den kommensurablen
CDW Zustand zu heizen, wird beobachtet, dass der Phasenübergang auf der sub ps Zeitskala
stattfindet. Dieses Experiment zeigt, dass komplementäre Erkenntnisse zur Erforschung
von komplexen Phänomenen – wie das Schmelzen und Relaxieren des Ordnungsparamters
in CDW Materialen – durch fs Elektronenbeugung gewonnen werden können.
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