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dynamics of parent and Co-doped BaFe2As2 investigated by trARPES (see
section 5.2.2) and discuss the differences in detail.

5.1.2 Electronic structure with 6 eV photon energy
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Figure 5.3: (a)-(c) ARPES dispersion around the Γ-point for all compounds, at T = 30 K.
Photoemission spectra taken with a photon energy hν = 6 eV are plotted as a function of
binding energy E − EF and parallel momenta k‖, the red arrows are an indication of the
Fermi momenta kF . The hole pocket structure is clearly visible in the case of the undoped
compound (a). With increasing Co-substitution, the chemical potential shifts upwards
causing a reduction of the pocket, which is barely visible for the x = 0.06 compound (b)
and completely disappears for overdoping (c). (d) EDCs of the data in (a), the dark blue
and the light blue EDCs are taken at Γ and kF , respectively. For better clarity the curves
are vertically and horizontally offset

A major challenge in investigating the electron dynamics in FeAs com-
pounds with the trARPES setup using 6 eV probe photon energy is the
small photoemission cross-section of Fe-derived states at low photon ener-
gies, in comparison to the As states [131] and the limited momentum range
accessible at low kinetic energies, which limits our investigation to the hole
pockets at the Brilloiun zone center. ARPES spectra taken at T = 30 K as
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a function of parallel momentum are depicted in figure 5.3 in a false color
representation, to show the hole pockets’ dispersion around the Γ point. For
better illustration, panel (d) depicts the Energy distribution curves (EDCs)
for the parent compound. Although our energy resolution of ≈ 50 meV
does not enable to resolve the single contributions of the three d-like bands
crossing the Fermi level, the overall pocket structure is clearly visible for
the parent compound in figure 5.3 (a). The red arrows are an indication
of the band crossing and the corresponding spectra at kF are marked in
turquoise in panel (d), while the spectrum at k‖ = 0, in correspondence of
the Γ point, is dark blue. An important point is that in the case of Co-
substituted BaFe2As2, it is reasonable to assume a rigid shift of the bands
upon doping. According to the rigid-band model, upon Co-substitution,
electron carriers are added to the system, gradually filling the pockets and
therefore shifting the chemical potential to higher energies (see figure 5.4
(a)), according to the number of extra electrons x. Several ARPES stud-
ies [104, 60, 132] support this assumption and increasing deviations from
the rigid-band model are found for Ni and Cu substitution [133] and for
isovalent doping [130]. In fact, figure 5.3 (b) shows that the hole pocket
is still visible for the optimally doped compound, but with kF located at
smaller values, indicating the shift of the Fermi energy due to electron dop-
ing. Finally, panel (c) shows the overdoped compound, where the band
is totally located below EF , as the pocket has been completely filled up.
Our observation of a small hole pocket in the optimally doped compound
deserves a more detailed discussion where the three dimensionality of the
Fermi surface has to be considered. As mentioned in the previous section,
several ARPES studies on Co-doped BaFe2As2 unveiled a strong doping-
dependent kz dispersion of the hole pockets, while the electron pockets are
less affected [60, 59, 104]. In order to clarify this point, in figure 5.4 (b) we
report exemplary results from literature [60], which shows a comparison of
the kz dispersion of the hole pockets on parent (left panel) and optimally
doped (right panel) BaFe2−xCoxAs2, obtained with high-resolution ARPES
measurements at different photon energies. Such figure nicely shows the
warping of the hole cylinders along the vertical direction, which is more pro-
nounced in the case of the optimal doping. At optimal doping (right panel
of 5.4 (b)) in correspondence of the Γ-point, the top of the hole pocket sinks
below the Fermi level and is tangential to EF, while at Z the hole pocket is
still present. This is supported also from the ARPES data shown in figure
5.1 (a) and (c). Thus, the corresponding Fermi surface at Γ would consists
of four circles at the BZ boundary (formed by the electron pockets) and one
point at the BZ center. By proceeding away from Γ, towards Z, the point
at the BZ center should instead evolve in a small ellipse. Our observation
of a small remnant hole pocket at optimal doping depends on the kz posi-
tion at which we probe. Assuming an inner potential V0 of 15 eV [59], we
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parent optimally doped

a)

b)

Figure 5.4: (a) Simplified schematics of the band filling effect upon electron doping. The
bands at the BZ center and BZ boundary are indicated with a red and green parabola,
respectively, with opposite Fermi velocities. In the undoped case, the chemical potential at
EF is crossed by such bands, resulting in a hole and electron pocket, respectively, which are
nested by the wave vector ~qSDW. By adding electrons to the system, the chemical potential
shifts rigidly upwards, the hole pocket reduces in size and the electron pockets enlarge.
(b) Photon energy dependent ARPES measurements performed on BaFe2−xCoxAs2 to
reveal the kz dispersion of the hole pockets as a function of doping concentration, from
reference [60]. The cases of the parent and optimally doped compound are reported for
comparison.

calculate k⊥ from eq. (2.13), being k⊥ = 0.512
√
Ekin + V0 = 2.1 Å

−1
with

a kinetic energy Ekin = 1.6 eV resulting from the difference of the probe
photon energy (6 eV) and the sample work function, which can be deter-
mined from the width of the photoemission spectrum. The lattice constant

is c = 13.02 Å [134, 104], corresponding to c∗ = 2π/c = 0.483 Å
−1

. There-
fore, k⊥ = 4.3c∗ and we probe a region of the momentum space between the
Γ and the Z point (see figure 5.4 (b), right). We will come back to this point
later on as it will have some implication in discussing the energy-dependent
relaxation times (section 5.2.1).
Due to the warping of the hole cylinders, a Lifshitz transition occurs at
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optimal doping [129][31], that is, the Fermi wave vector (the radius of the
hole pocket) at k‖ = 0 (Γ) decreases with increasing doping concentration
until the pocket vanishes, while at k‖ corresponding to Z the Fermi wave
vector increases. The huge mass enhancement which derives at this point
from the crossing of a flat band at EF, in co-action with correlations effect
is discussed as one of the possible ways to explain the non-Fermi Liquid
normal state and possibly the superconductivity [135, 136], in contrast to
other scenarios, where instead coupling of the charge carriers to magnetic
fluctuations at low temperatures in presence of a QCP would play a main
role [88, 89].
After the determination and verification of the equilibrium band structure,
we could proceed with the investigation of its ultrafast changes after pho-
toexcitation. Since one of our aims was a comparison among different dop-
ings, we carried out our measurement at 160 K in normal emission, to which,
for simplicity, we will refer as the Γ-point in the following. Thus, all the com-
pounds have been initially, before optical excitation, in the paramagnetic
phase and the only tuned parameter was the electron doping concentration.

5.2 Relaxation of hot electron populations

Having described the static electronic properties, and the ARPES spectra
around the Γ-point, the focus will now turn to the dynamics of the system,
analyzing the transient pump-induced modifications as function of doping for
different fluences. Exemplary trARPES results are shown in figure 5.5 (a) for
the parent compound as a function of binding energy and pump-probe delay,
at an incident laser pump fluence F = 540µJ/cm2. Upon photoexcitation
one observes an increase of spectral weight up to 1 eV above EF generated by
electrons excited from outside the hole-pockets, which subsequently relax to
the Fermi level. The modulation of the photoemission signal, superimposed
to the incoherent exponential decay is due to the dominant excitation of
the A1g phonon mode [122, 78][81]. Depletion of spectral weight below EF

could also be resolved for intense excitations down to ≈ 100 meV, although
it is a much weaker effect due to the presence of a huge background signal.
The changes around the Fermi level can be also appreciated by comparing
two single spectra taken at negative delay and some tens of femtoseconds
after the arrival of the pump pulse, respectively, as shown in figure 5.5 (b).
Here we focus on the analysis of the relaxation mechanism of the excited elec-
trons as a function of doping concentration, investigated for pump fluences
ranging from 50µJ/cm2 to 540µJ/cm2. As a first step we obtained time-
dependent photoemission intensity integrated over the whole energy range of
the pump-induced modification, from about 10−30 meV above EF to about
1 eV. The lower limit for the integration was chosen in order to minimize the
influence of the transient shift of the chemical potential, induced by the co-
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Figure 5.5: (a) trARPES intensity of BaFe2As2 around the Fermi level as a function of
E −EF and pump-probe delay. The grey contour has been added to further evidence the
pump-induced changes. The inset is a schematic of the A1g breathing mode, responsible
for the coherent modulation of the signal around EF . (b) EDC around EF at negative
and positive delay. After excitation, spectral weight is shifted from below to above EF .
(c) Integrated trARPES intensity over an energy range of ≈ 1 eV above EF for different
fluences as indicated; solid grey lines are fits to the data and the dashed black line shows
the exponential decay component of the fit. (d) Relaxation time constants extracted from
the fits in c) for the investigated doping concentrations are plotted as a function of incident
pump-fluence. From [128]

herent oscillations [78]. We describe the obtained time-dependent data with
a single exponential decay plus a damped sine function (to account for the
coherent oscillations) convoluted with the temporal pump-probe envelope,
see figure 5.5 (c). Although here we will not concentrate on the coherent
phonons, it was necessary to include their contribution in the fit function in
order to obtain a more precise estimation of the maximum amplitude of the
pump-induced change (amplitude of the exponential function). The result-
ing exponential decay fits are in the sub-picosecond timescale, in agreement
with previous time-resolved studies [54, 123] and are summarized in figure
5.5 (d) for all samples and for different incident pump fluences. At low
fluences, up to ∼ 400µJ/cm2, the parent compound relaxes clearly slower
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than the Co-substituted compounds, showing also a dependence on fluence
where, except for the first data point, we see a decrease from 570 fs to 490 fs
for more than a tripling of F . Such an F -dependence is not observed in this
analysis in the case of the optimally doped (OP) and overdoped (OD) com-
pounds, where the relaxation times remain constant but even up to 200 fs
shorter. At higher fluences different relaxation times for different doping
merge to joint values below 500 fs. At this point we emphasize that the pre-
vious analysis accounts for the decay of the energy integrated hot electron
population. The dominant contribution comes from the intensity close to
EF which is mostly determined by secondary electrons (see section 2.2.2),
generated from the e−e scattering at higher energy in a sort of ”Auger-like”
process [71, 137], which contribute in a far from trivial manner to the relax-
ation, in addition to e−ph scattering that mediates energy dissipation close
to EF [127, 75, 138, 139]. Therefore, the total relaxation times should be
considered as an effective characteristic quantity that cannot be compared
with single-particle decay times, for example, determined in static ARPES
from line width analysis. The reason is that ARPES line widths, which are
proportional to the single-particle scattering times, are determined by elastic
and inelastic scattering processes of individual quasiparticle excitations, as
explained in the previous section, while trARPES analyzes the population
decay to which secondary electrons contribute in a complex manner after
energy integrating the transient population [62, 140]. We will come back
to this point later on, however we remark that nevertheless these effective
relaxation times already exhibit a clear doping dependence.
Given these considerations, we can gain further insight from an energy re-
solved analysis, as different contributions to the relaxation of the excited
population dominate at different energies.

5.2.1 Energy-dependent relaxation times and rates

We analyze time-dependent photoemission intensities in different energy
windows starting from ≈ 20 meV to about 1 eV above EF, to obtain energy-
dependent relaxation times. For this analysis, it was not necessary to in-
clude the contribution of the coherent oscillations, as they strongly affect
the photoemission signal only at energies very close to EF. We used a sin-
gle exponential decay fit function I = A exp(t/τ) + B convoluted with a
Gaussian function representing the pump-probe envelope, where A is the
excitation amplitude, τ the relaxation time and B is a constant account-
ing for an increased temperature of the electronic system that establishes
at long delay time. A detailed inspection of figure 5.5 (a) provides sup-
port for this analysis. At E − EF = 0.1 − 0.3 eV an energy dependent
relaxation is observed, while below 0.1 eV, where heating will take an effect
on the electron distribution, the intensity barely decays up to 3 ps. Some
exemplary curves for the fluence of 240µJ/cm2 are shown in figure 5.6 (a)-
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Figure 5.6: (a)-(c) Normalized time-dependent intensity extracted in three consecutive
energy interval starting from ∼ 100 meV above EF to ∼ 250 meV at F = 240µJ/cm2. For
each energy interval, all three doping concentrations are shown. Solid lines are exponential
fits to the data, convoluted with the pump and probe cross-correlation. (d)-(f) Relaxation
times extracted from the fit for all curves at three different fluences as a function of binding
energy. Error bars on the energy axis mark the energy intervals of integration, the colored
boxes, as well as the letters, in figure 5.6 (e) compare the results of the fits in comparable
energy windows for the three dopings to the corresponding experimental data and fit in
figure 5.6 (a-c). The integration windows for the curve slightly differ from each others in
order to match statistics. The colored boxes in (e) represent the corresponding results of
the fits reported in (a)-(c) as indicated by the frame colors and letters. From [128]

(c) comparing dynamics of samples with different doping concentration in
similar energy windows. The results of the complete analysis on all com-
pounds are shown in figure 5.6 (d)-(f). We observe a dependence on doping
until E − EF = 250 meV. As for the total energy-integrated intensities,
the parent compound relaxes on a longer timescale than the Co-substituted
compounds but it becomes now evident that the x = 0.06 (optimally doped)
relaxes faster than the x = 0.14 (overdoped) compound. If we compare, for
example, τ at E − EF = 0.1 eV we get 280 fs for the x = 0.06, while we ob-
tain 370 fs and 470 fs for x = 0.14 and x = 0, respectively. These differences
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in τ for different dopings are clearly visible at 140µJ/cm2 and 240µJ/cm2

but they vanish at the highest F of 540µJ/cm2. Two effects are notewor-
thy: first, the relaxation times do not depend monotonically on x and the
fastest relaxation is found at optimal doping. In the limit of Fermi liquid
(FL) theory for a three dimensional metal, the scattering probability due
to e − e scattering is proportional to n−5/6, with n being the number of
carriers [141]. We remark that for this compound we assume a rigid-band
model, as discussed in section 5.1, according to which the volumes of the
FSs change according to the number of extra electrons x and the chemical
potential is shifted accordingly. Therefore, at T > TN , where the system is
metallic, one would expect a monotonic dependence of the relaxation on x.
Second, the difference in the energy-dependent relaxation times for different
Co-substitution is only present until E − EF = 250 meV. At this energy a
change in the curves of τ vs E − EF appears as a discontinuity, which is
more pronounced at the lowest F as marked by the arrow in figure 5.6(d)
and absent at the maximal F . In figure 5.7 (a) and (b), time dependent
intensities of the x = 0.06 compound for energy windows centered around
150 meV (orange) and 250 meV (light blue) are compared for 140 mJ/cm2

and 240µJ/cm2, respectively. It is obvious from the data that the difference
in relaxation time between the two subsequent energy windows is more pro-
nounced at the lowest F , while it is weaker at the intermediate F .
This effect manifests very clearly if we consider the relaxation rates as func-
tion of binding energy, obtained from Γ = 1/τ and shown on the lower
panel of figure 5.7. At the lowest F (figure 5.7(c)) a step-like increase in
the energy-dependent relaxation rates from E − EF < 200 meV to the next
values above this energy is observed for all x, at the same energy where the
discontinuity in the correspondent relaxation times is found. The visibility
of the step is fluence dependent, as it reduces with increasing F (figure 5.7
(d)) until it completely vanishes (figure 5.7 (f)).

5.2.2 Doping-dependence of the relaxation times

We will start here discussing the doping dependence of the relaxation times
found in the first energy interval 0 < E−EF < 250 meV and the correspon-
dent relaxation rates. We shift the discussion of the effect found at higher
energies, i. e. the fluence-dependent step in the relaxation rates, to the next
section.
As already mentioned in the discussion about the equilibrium electronic
structure, the effect of Co-substitution is to add electrons to the system
shifting the chemical potential upwards causing the electron pockets to en-
large and the hole pockets to reduce until they completely disappear be-
low EF for Co-concentrations higher than optimal. In this doping region
(0 < x < 0.15), where two types of competing carriers are present, other
properties than for a conventional metal are found. We have shown that the
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Figure 5.7: (a), (b) Normalized time-dependent intensity of the x = 0.06 (OP) compound
for subsequent energy intervals around ∼ 200 meV for the fluences of (a) 140µJ/cm2

and (b) 240µJ/cm2. Solid lines are fit to the data.(c)-(e) Relaxation rates determined
by taking the inverse of the measured relaxation times vs binding energy for different
fluences. The blue and orange circles highlight the data point extracted from the data
in (a) and (b). Values of scattering rates in meV are also reported on the right axis in
(e). The contour of the grey-shaded area present in all the three graphs is a guide to
the eye illustrating the high F behavior, and is shown in order to emphasize the different
F -dependence for the scattering rates at E > 200 meV. [128]

doping dependence of the energy-dependent relaxation times do not scale
monotonically with the carrier concentration (see figure5.6(e)), having the
optimally doped compound the fastest decay.
It is not straightforward to unambiguously identify the relaxation channels
responsible for this behavior, as for an excited population close to the Fermi
level various interactions contribute to the relaxation in a complex manner.
As we mentioned above, the dynamic redistribution of excited electrons has
to be considered in addition to electron-boson scattering. We proceed by
comparing our results with the ones obtained by other experimental tech-
niques, starting from the static ARPES results introduced in section 5.1.1.
These studies on the same class of compounds investigated in this work
(as well as P-doped and NaFe(1−x)CoxAs) report values of the imaginary
part of the self-energy Σq, or rather the scattering rates, for binding en-
ergy ranging from EF down to 150 meV. This results, shown in figure 5.2,
are independent of doping [30, 31] and increase linearly from 5 meV to
150 meV. The scattering probabilities obtained in the present work, in the
time domain, from Γ = ~/τ , shown on the right axis of figure 5.7, are of
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Figure 5.8: Schematic of the 3D character of the Fermi surface for the three different
Co-substitution considered in this work. The high-symmetry points of the brillouin zone
are indicated and the kZ = 0 plane is shown in red. The hole pockets show a dispersion in
the vertical momentum direction, while the effect is negligible in the case of the electron
pockets. The red arrows are an indication of the momentum transfer due to possible
interband scattering which, in the case of optimal doping, would not be present on the
kz = 0 plane, but in a region between Γ and Z. In the case of an overdoped compound,
this scattering channel would be completely absent.

the order of 1 meV at energies 0 < E − EF < 200 meV. This difference,
reaching about two orders of magnitude, between the values obtained from
static ARPES in the energy domain and trARPES in the time-domain is
in agreement with [140], where the same analysis was applied to a cuprate
HTSC, comparing single particles lifetimes from equilibrium photoemission
and energy-resolved population rates from trARPES. This is a confirmation
of the fact that the lifetimes measured by static ARPES and the relaxation
times obtained here close to EF represent two different quantities. In the
case of trARPES, relaxation of the laser-excited non-equilibrium electron
population is analyzed, while in static ARPES the scattering probability
of a single particle excitation is determined. As discussed in [140], Auger
like processes within the valence band contribute negatively to the popula-
tion decay by refilling of states and this need to be considered in explaining
the large quantitative difference of the decay times obtained in ARPES and
trARPES.
On the other hand, in the doping range under investigation, qualitative
agreement is found with transport measurements, where the same trend
with doping found in this work is observed in resistivity measurements, and
the determined e−e scattering times [25, 24] are larger near optimal doping
than at over doping.

A widely shared interpretation [25, 90, 142, 92, 89, 91], sees antifer-
romagnetic fluctuations as being mainly responsible for these anomalies,
because they occur near the QCP. The deviation of the T -dependent term
of the resistivity from a quadratic to a linear scaling, accounting for the
non-Fermi liquid behavior in the normal state, would qualitatively alter the
T -dependence of the relaxation rate in the quantum critical regime, leading
to the maximum scattering rate at optimal doping discussed above. Alter-
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native explanation for the strange normal state properties of these systems
near a QCP involves the influence of the Lifshitz transition, occurring at
optimal doping [130, 129], and correlation effects on the scattering rates of
the charge carriers [31][136].
Given these considerations, the deviation from the behavior of a conventional
metal which we observe in our trARPES study is not surprising, consider-
ing that the Fermi liquid theory does not hold. In discussing the relaxation
process, the 3D character of the Fermi surface in these materials has to be
taken into account. A schematic of the 3D Fermi surface for the case of the
three considered Co-substitution is shown in fig. 5.8. As shown in section
5.1, the electronic structure is strongly doping dependent and, in particu-
lar, the kz dispersion increases with increasing Co concentration [60]. That
means that the observation of a Lifshitz transition, where the top of the hole
pocket just touches the Fermi level is detectable only at kz = 0, in the case
of optimal doping. The Fermi surface at this point would consists of electron
pockets at the zone corners and only a point at the zone center. However,
due to our 6 eV pulse energy, we probe at a finite kz value corresponding to
a region between Γ and Z where we detect some remnant of the hole pocket
in the case of the optimally doped compound (see figure 5.3 (b)). Hence, we
point out that at the particular momentum where we probe, phase-space for
interband e−e scattering is available, which contributes to the relaxation in
addition to intraband processes. This additional channel is instead absent
in the case of the overdoped compound, because the hole pocket has com-
pletely sank below EF, as we have shown in figure 5.3 (c). Hence, although
we work at T > TN , coupling between electron and hole pockets through
interband scattering has to be considered as a possible additional contribu-
tion to the relaxation, which could play a role for the optimally doped but
not for the overdoped compound, in agreement with our observation of a
faster relaxation at optimal doping.
Clearly, the phase space argument for the relaxation discussed above applies
also to the undoped compound, where coupling between electron and hole
bands should be even stronger. However, we have shown that this system
has the slowest relaxation, observable even in the case of the total integrated
intensities (fig. 5.5). For the parent compound, due to the proximity in the
phase diagram to the SDW transition, it is reasonable to assume that other
processes contribute to the relaxation, competing with the one determining
the relaxation in the Co-substituted compounds and resulting in an effec-
tive longer relaxation time. For instance, some region of the Fermi surface
might be still partially gapped, due to the proximity of the AFM transition
occurring at TN = 140 K. For the parent compounds, it has been shown
that the relaxation times increase with lowering the temperature through
the SDW state [54] and it is known that also other AFM fluctuations of
different origin, including also nematic fluctuations, are present and persist
above TN [143, 99, 101, 144]. Therefore, at the temperature of 160 K, where
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our measurements are performed, all these effect might play an important
role, and effectively reduce the efficiency of the relaxation. This would not
be the case for the x = 0.06 and x = 0.14 compounds, which do not undergo
the SDW nor the nematic transition.

5.2.3 Signature of electron-boson coupling

Our second important observation manifests in the energy dependent re-
laxation rates, where a step is recognized at low F (Fig. 5.7 (c)) around
E − EF = 200 meV for all x. This is an indication that at these energies
an additional relaxation channel contributes, causing the system to sud-
denly relax faster. Interestingly, this effect is fluence dependent, because
the step is more pronounced at the lowest excitation and gradually reduces
with increasing pump-fluence. Band structure calculations predict the pres-
ence of an unoccupied 4p As band at Γ to be 0.1 to 0.3 eV above the Fermi
level [97, 145]. This could provide phase space for additional inelastic inter-
band scattering due to a peak in the density of states around that energy.
However, if this was the origin of the step visible in our data, we would
expect the central energy at which the step occurs to change with doping,
due to the shift of the chemical potential. In addition to that, no signature
of such a feature is visible in our trARPES intensities spectra (analogous to
Fig. 5.5 (a)) for any of the dopings and fluences.
A second possibility, is that an additional relaxation channel is provided
by a bosonic excitation of a certain energy ~Ω that would couple to the
excited electronic system. Theoretical modeling of the effects of electron-
boson (e−b) coupling in trARPES [146] has shown to lead to a characteristic
change in the decay rates, in the form of a step. A further confirmation of
the presence of e− b coupling, comes from the fluence dependence as we ex-
plain below with the help of Fig. 5.9. Electrons excited at E−EF > ~Ω and
the respective holes injected at E−EF < −~Ω would relax faster than those
excited within the energy region −~Ω < E − EF < ~Ω, as shown originally
in [148] in the case of a coupled electron-phonon system, and subsequently
by Kemper et al. [147] for electron-boson coupling in general. According to
this description, at equilibrium, scattering from inside the bosonic energy
region to states below the Fermi level is suppressed, as the electron occu-
pation does not provide the necessary phase space for the excited electrons
to relax back to energies below EF (Fig.5.9 left). Therefore the relaxation
times inside the boson window are larger compared to those at energies
outside, at E − EF > ~Ω. In the time-domain analysis the infrared pump
redistributes the electronic population, which modifies the phase space. In
particular, relaxation channels which were blocked in equilibrium become
now available, leading to shorter relaxation times under non-equilibrium
conditions (Fig.5.9 right). If we look at our data in Fig. 5.7(a) and (b) we
notice that with increasing F , the relaxation becomes faster for the curve
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EF

Figure 5.9: Illustration of the effects on the scattering rate caused by the infrared pump-
induced spectral weight redistribution. The grey shades area indicates the boson window
(+Ω,−Ω); the thickness of the yellow lines indicates the electronic occupation of the band.
In equilibrium and at low temperatures, scattering from inside the boson window is sup-
pressed due to a lack of phase space for the final state given the high occupation below the
Fermi level, with the opposite behavior for scattering outside the window. After excitation
and spectral weight rearrangement, these phase space considerations are modified with an
increase (decrease) of the scattering rate inside (outside). Taken from [147]

at lower energy (below E − EF = 200 meV) and slower for the curve at
higher energy (above E − EF = 200 meV), in agreement with the behavior
described above. At small F one expects a situation similar to equilibrium
where the signatures of the boson window in the relaxation times and the
electron population are only weakly perturbed [146, 147]. Indeed our data
in Fig. 5.7(c) show that at the smallest excitation density the step is larger
showing higher (lower) scattering probability above (below) a boson energy
of ~Ω = 200 meV. With increasing F (Fig. 5.7 (d)) this step reduces as the
pump-induced phase space redistribution provides more relaxation channels
until the signature of the boson window completely disappears at the high-
est F (Fig. 5.7 (e)). Such an effect was also experimentally observed in the
case of cuprates [32], where the fluence-dependent step observed in the re-
laxation times originates from a single bosonic mode at an energy of 70 meV,
corresponding to the well-known kink in the occupied part of the d-band.
Contrary to the cuprates, our observation of the same effect occurring in
FePn HTSC has no correspondence in the equilibrium occupied part of the
electronic structure, suggesting the great potential of non-equilibrium stud-
ies, that can unveil new additional processes beyond the one observed in
equilibrium.
To assign the origin of the bosonic excitation, we exclude phonons as a pos-
sible coupling candidate because the energy of 200 meV at which the effect
is found exceeds the high energy cutoff of the phononic spectrum, which
is located around 35 meV [149, 150]. A possible candidate is then a bo-
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son of magnetic origin. Spin fluctuations in this high energy region were
reported in literature for electron doped compounds [151, 152] and for the
parent compound [143], where they are shown to persist also at T > TN .
Electron-magnon coupling was also observed in ARPES measurements on
ferromagnetic Fe [153], showing a saturation of the increase of the imaginary
part of the self-energy at 160 meV, consistent with the energy of spin waves
in Fe.
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5.3 Summary

We have performed a femtosecond trARPES study on Co-substituted BaFe2As2
at T > TN with different doping concentration. From the analysis of the en-
ergy dependent relaxation times we found a doping dependence that does not
monotonously follows the carrier concentration. The optimally doped com-
pound relaxes faster than the overdoped and the parent compound has the
slowest relaxation, therefore our findings are in qualitative agreement with
the doping-dependent results of transport measurements. We showed that
at the finite kz value at which we probe, interband coupling between electron
and hole pockets has to be considered in the case of the optimal doped com-
pound as a possible contribution in addition to intraband relaxation. We
also discussed the quantitative difference of two orders of magnitude between
the relaxation rates obtained here in the time domain and the ones analyzed
in static ARPES from line width analysis, which is in agreement with what
was found in the case of cuprate HTSC. Our results for Fe-122 confirm for
a second class of HTSC materials that these quantities represent two dif-
ferent observables. In the case of trARPES, relaxation of the laser-excited
non-equilibrium electron population is analyzed, while in static ARPES the
scattering probability of a single particle excitation is determined. Although
from our results we cannot quantify the intra- and interband conditions dis-
cussed above, it is remarkable that despite ARPES and trARPES are closely
related regarding the technical concept, significant differences arise regard-
ing the data interpretation and qualitative agreement is found instead with
results obtained by transport, another dynamical method.
From the analysis on the energy dependent relaxation rates we could clearly
identify the presence of a step around the energy E −EF = 200 meV,which
is best observed for small laser pump fluences. We conclude that this indi-
cates the coupling of the excited electronic system to a bosonic excitation,
in agreement with theoretical descriptions [147], and suggest the magnetic
origin of a such boson. This observation further supports the recently pub-
lished work on cuprates [32], for the other class of High-Tc superconductors
and, contrary to the cuprates, the boson observed here has no counterpart in
the equilibrium electronic structure, consistently with its magnetic nature.
This last observation is suggestive of the great potential of the trARPES
technique, that can act as a selective probe of electron-boson interactions
as e − b coupling leaves its mode-specific fingerprint on the population dy-
namics.



Chapter 6

TrARPES on 1T -TaS2

Within the picture of strongly correlated materials, transition metal dichalco-
genides provide rich opportunities to explore the emerging competition be-
tween various ground states. Due to their effective low spatial dimensionality
they are more prone to electronic instabilities of the underlying coupled de-
grees of freedom like e.g. the electronic and lattice excitations, which can
have macroscopic impacts on the material properties like phase transitions
(see section 2.1.2). The low-temperature manifold of phases such as e.g. su-
perconductivity, charge density wave (CDW), as well as electronically and
magnetically ordered states present fascinating emergent properties that are
of both fundamental and technological interest. A prototypical example of
such ordered systems is the Mott-insulator, discussed in section 2.1.1 in
which strong Coulomb forces between localized electrons can drive a nomi-
nal metallic system into an insulating ground state. In the particular case of
systems in which charge order dominates the macroscopic material proper-
ties it is, however, challenging to find direct experimental access to measures
that can characterize such states as well as the fundamental interaction pro-
cesses that give rise to the formation of order. On one hand, analyzing the
ultrafast dynamics of this system, driven out of equilibrium by an ultrashort
light pulse, might shed new light on the underlying short- and long-range in-
teractions, because different coupling channels can result in the relaxation on
experimentally distinguishable (femto- to picosecond) time scales. Impres-
sive agreement between theory and femtosecond time-resolved experiments
was obtained by investigating the re-emergence of charge order, from a pho-
toinduced quenched disorder, on the onedimensional organic Mott insulator
ET-F2TCNQ, a system that exhibits negligible electron-phonon interaction
and, thus, can be well described by means of pure onedimensional electronic
models [154, 155]. However, these dynamics might become more complex
when the more general case is addressed, as in two- or three dimensional
systems. There, simultaneously strong coupling between different degrees
of freedom on comparable energy scales might compete or coexist. Thus a

59
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unifying description of ”real world” systems with many degrees of freedom
remains challenging [42]. In this frame, 1T − TaS2, which displays a CDW
transition coexisting with a Mott-Hubbard phase, is a widely and intensely
studied model system. Femtosecond time-resolved experiments provided
deep insight into this complex interplay between coexisting periodic lattice
distortion and charge order, mainly by studying the photoinduced melting
dynamics of the cCDW-Mott phase. Upon optical excitation, the system
can be driven into a ”cross-over” phase [19, 20, 22] that is characterized
by an increased spectral weight at the Fermi level and a partial quench of
the coherent state, accompanied by the excitation of the CDW amplitude
mode [19, 20, 156, 8] and prompt collapse of charge order [8, 48]. Moreover,
a recent time-resolved optical study reported on a photoinduced switch-
ing from the many-body insulating ground state to a long-living metallic
metastable state [11], which can be reached only in non-equilibrium condi-
tions and shows different characteristics than the ones present in any other
equilibrium phase.

In the present chapter, we show a systematic temperature- and fluence-
dependent trARPES study, discussing the details of the photo-excitation
mechanism, aiming at characterizing the photoinduced phase. We then focus
on the weak excitation regime and monitor the transient population of the
upper Hubbard band (UHB), showing that doublon dynamics occur on a
timescale of only a few hopping cycles, ruling out any interaction with the
lattice. We therefore point out that this finding might be of help in the
formulation of theoretical modeling, as, at least at early stages after photo-
perturbation, only the electronic part of the system can be considered, while
the phononic part is still in equilibrium. We will then compare our findings
with a first theoretical description based on a time-resolved dynamical mean-
field theory (tDMFT) approach that qualitatively reproduces our results
fairly well when slight static hole doping is included.
Finally, we report on the switching to a photoinduced metastable hidden
state starting from the low-T cCDW-Mott phase and characterize it by
means of both static and time-resolved photoemission spectroscopy, thus
having direct access to the electronic structure of the system. By comparing
the characteristics of such a state with the one known from literature [11],
we conclude that we have obtained partial switching and discuss it by means
of a steady-state anisotropic heat conduction model [157, 11]. Part of the
results reported in this chapter can be found in [158] and [159].
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6.1 Ultrafast response of the cCDW-Mott phase
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Figure 6.1: Comparison of static photoemission spectra in the metallic- iCDW- and
cCDW-Mott-phase, at T = 370 K, T = 300 K and T = 80 K, respectively. In the lat-
ter, the spectral weight at EF is reduced, and transferred to the LHB, with a peak at
E − EF ≈ −150 meV. Finite spectral weight at EF is nevertheless present. The sketch
corresponding to the cCDW-Mott phase (top right) shows the contracted ”David-star”
with the localized charge (pink circle) located on the central 13th Ta atom. Both spectra
at high T show prominently metallic character, with a Fermi-like high energy cutoff. The
sketch corresponding to the iCDW/metallic phase (bottom right) shows the uncontracted
hexagonal arrangement of Ta atoms and the freely moving electrons result in a delocalized
charge, suggested by the overlapping big pink circles. Notably the spectrum in the purely
metallic (T = 370 K) is about 150 meV broader. The intensity of the two spectra at high-T
has been rescaled for better comparison with the low-T spectrum.

In figure 6.1 three equilibrium spectra in the metallic iCDW-, metallic
nCDW- and the insulating cCDW-Mott phase are compared, correspond-
ing to the temperatures of 370 K, 300 K and 80 K, respectively. At 300 K
and 370 K the spectrum presents a high energy cutoff at the Fermi energy
broadened by a Fermi-Dirac distribution function, signature of the predom-
inant metallic character, while at 80 K, when the system is insulating, the
spectral weight is transferred from EF to the LHB peak situated at about
E − EF = −150 meV. However, some finite spectral weight is still present
because of our finite energy resolution and due to the non perfect atomical
arrangement achieved in a real system, where in each of its phases a cer-
tain coexistence of contracted and uncontracted David-stars is present. The
spectrum width is the same at T = 300 K and T = 80 K, while at T = 370 K
it is about 150 meV broader, indicative of a decrease in the work function.
Due to the absence of a Fermi cutoff in the low T spectra, we set our en-
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ergy scale referring to the energetic position of the T = 300 K Fermi cutoff,
assuming that it is rigid. From now on, we will refer to the state at 370 K
as to the “purely metallic”state, to differentiate from the metallic state at
room T .

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

E
-E

F
 (

eV
)

2.52.01.51.00.50.0
Pump-Probe Delay (ps)

min max
a)

T= 80 K

F= 1 mJ/cm
2

-0.8

-0.4

0.0

0.4

0.8

E
-E

F
 (

eV
)

2.52.01.51.00.50.0
Pump-Probe Delay (ps)

b)
T=370 K
F=720 µJ/cm²

Figure 6.2: trARPES intensity of (a) the cCDW-Mott phase (T = 80 K) and (b) the
metallic phase (T = 370 K) as function of binding energy and time-delay. In (a) upon
photoexcitation one observes i) collapse and subsequent recovery of the LHB; ii) gener-
ation and subsequent relaxation of a hot carriers population continuum above EF; iii)
appearance of a coherent spectral feature at E − EF ≈ 175 meV; iv) oscillations of the
spectral weight due to the coherent excitation of the CDW amplitude mode. In (b) the
signature of the coherent oscillations is absent, as the system does not present CDW.
Only the generation of a hot carrier population above EF and its subsequent relaxation is
visible.

In figure 6.2 exemplary trARPES intensity spectra in the cCDW-Mott
insulating state (T = 80 K) and purely metallic state (T = 370 K) are shown
as function of binding energy and time delay, for high incident fluences of
1 mJ/cm2 and 0.7 mJ/cm2, respectively, where the pump-induced changes
are more pronounced. The data in the cCDW-Mott phase (figure 6.2(a)) re-
semble previous studies under similar conditions [19, 20, 48, 8] and thus show
the typical transient modifications which are usually observed. Upon pho-
toexcitation, a sudden quench of the LHB intensity occurs simultaneously to
the generation of a hot carrier population continuum up to E−EF = −1.5 eV
and the filling of the formerly gapped spectral region around EF. The pho-
toinduced, incoherent excitation continuum above EF is accompanied by
the appearance of a coherent spectroscopic signature at binding energies
150 meV < E − EF < 200 meV. These features subsequently recover/relax,
each with a characteristic time scale that we will describe in the following.
In addition, a strong modulation of the photoemission intensity signal is
present up to tens of ps, originating from the pump-induced coherent exci-
tation of the CDW amplitude mode, which reflects the breathing mode of
the star-shaped clusters together with the charge density. The data in the
purely metallic state (figure 6.2(b)) show the generation of a hot-electron
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population occurring upon pump-excitation, which subsequently relax. The
coherent spectroscopic signature, visible in the low-T regime, is completely
absent here. Finally, the signature of the coherent oscillations is also not
present, in agreement with the absence of the CDW in the system. In the
literature, a quickly damped oscillation is reported at T = 300 K, ascribed
to the lack of CDW commensurability in this metallic phase [20].
We will now proceed by analyzing and discussing each single feature sep-
arately, focusing in particular on the cCDW-Mott phase. Excitation flu-
ences are given here as incident fluences F and were kept below the criti-
cal energy density necessary to drive the system thermally into the nearly-
commensurate CDW phase [160].

6.1.1 Collapse of charge order and localized excitation
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Figure 6.3: (a) Sketch of the femtosecond photoemission experiment in the cCDW-Mott
ordered state. The sample is excited by a femtosecond IR pulse to partly turn single
polaron sites (black stars) to be metallic (red stars), according to a localized excitation
scheme (see text). Subsequent photoemission by a fs UV pulse probes the transient co-
existing phases. (b) Photoemission spectra taken at negative and positive delay for an
excitation fluence F > 1 mJ/cm2. The shaded area and the double sided arrow indicate
the photoinduced change and the quench of the LHB maximum upon optical pumping,
respectively. (c) Collapse of the LHB signature as a function of incident pump fluence.
The solid black line shows the result of the model calculation and the expected quench of
short-range correlation S.

Typical photoemission spectra before and after excitation are shown for
the low-T Mott phase (T = 80 K) in figure 6.3(b). Upon optical excitation,
a sudden quench of the LHB signature is observed, accompanied by the gen-
eration of hot electrons up to E − EF ≈ 1.5 eV and a filling of the formerly
gapped spectral region (E −EF ≈ −0.2,+0.2 eV), indicating that the Mott
phase is partially molten and that the corresponding short range correla-
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tions are quenched. We determine the pump-induced maximum collapse C
of the LHB spectral signature for different incident pump fluences from the
relative difference between the maxima of the LHB peak in the unpumped
spectrum at negative delay and pumped spectrum at early positive delay
(∼ 50 fs). The results are shown in percentage in figure 6.3(c) for T = 30 K
and T = 80 K, as a function of incident pump fluence. For small excitation
fluences F < 500µJ/cm2, an almost linear dependence is found, indicat-
ing a perturbative excitation regime. In this limit, to which we refer to as
weak excitation limit, the LHB intensity directly corresponds to the amount
of excited quasi-particles. The observed quench of the LHB saturates at
F > 1000µJ/cm2 (strong excitation limit) and a maximum depletion of 25
percent of the total maximum intensity is found. It should be noted that a
discussion of the absolute photoemission intensities is not rigorously possi-
ble, as the metallic phase also exhibits a finite spectral weight in the same
spectral region (see figure 6.1). Thus, a collapse of the LHB signature by
100 percent (e.g. a transition to the metallic phase) might actually result
in a smaller loss in photoemission intensity, e.g. the 25 per cent observed
here. We interpret the saturation of this photoemission intensity loss as the
(almost) complete loss of these short range interaction responsible for the
emergence of the Mott gap and the LHB signature. We therefore refer to
the LHB spectral signature intensity as a direct measure of the strength of
the correlation in the system, as if it would be an ”order parameter” for the
charge ordered state.
We assume a localized excitation scheme, in which the IR pulse excites the
sample turning part of the single David- star-polaron sites to be metallic,
as schematically shown in figure 6.3(a). Under the assumption of a linear
response, where every incident photon can excite a single cluster site (and
thus quench its corresponding interactions) once, the scaling of the LHB
intensity collapse C is given by the ratio between the density of excited
clusters nx with respect to the total cluster density n. Under this assump-
tion, the fluence dependent collapse in figure 6.3(c) can be described by a
simple differential equation of the form:

dnx
dF

=
(1−R)(1− e−c/2λ)

~ω

(
n− nx
n

)
(6.1)

that we use to fit our results in figure 6.3(c), where the geometrical
cluster density n = 7 · 1013 cm−2 [161], ~ω is the pump photon energy,
c/2 = 0.298 nm is a single layer thickness [161] and R, λ are the opti-
cal reflectivity and penetration depth, respectively [162]. The solution of
Equation 6.1 is shown as a solid line in figure 6.3(c). The curve was
rescaled to account for incoherent background and the metallic phase spec-
tral weight by matching its asymptotic value at high F to the asymptotic
value of our experimentally determined maximum C. In this way, the so-



6.1. ULTRAFAST RESPONSE OF THE CCDW-MOTT PHASE65

lution of Equation 6.1 directly reflects the short range correlation strength
S ∝ (1 − C). The best fit to the data is obtained for an absorption prob-
ability of γ = (1 − R)(1 − e−c/2λ) = 2.2 · 10−3, which is only a factor of
4.6 higher than the literature value of γ = 0.48 · 10−3 [162]. This difference
can easily originate from differences in the optical parameters or systematic
errors in determining F . A reduction of short range correlation strength up
to 90 percent is observed for high excitation fluences, reflecting an almost
complete quench of the coherent state. Thus, one might expect that un-
der these conditions the system is driven non-thermally into its conductive
phase.
This first analysis suggests that it is reasonable to consider a localized de-
scription, it is helpful to identify the perturbative regime of excitation and
indicates that at high pumping fluences an almost complete loss of order is
reached. Such facts should be reflected also in the dynamics of the system,
thus more insight can be gained by monitoring the time evolution of the non-
equilibrium electronic structure. Therefore, in the next step we proceed by
analyzing and comparing the relaxation of the hot-electron population at
different T , for both the Mott-cCDW and metallic states.

6.1.2 Hot electrons relaxation and recovery of charge order
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Figure 6.4: Electron population dynamics in selected energy windows above the Fermi
level for the purely metallic state at T = 370 K(a) and the cCDW-Mott phase at T = 30 K.
The intensity is shown on a logarithmic axis and the curves are offset for clarity. The grey
solid lines are the corresponding fit to the data.

In order to further verify the localized excitation scheme concluded above
and determine the primary energy loss mechanisms that drives the system
back into its coherently ordered ground state, we investigate and compare
the dynamics of hot photoexcited electrons in both, the purely metallic and
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Figure 6.5: Resulting hot electron decay times as a function of excitation fluence and
sample temperature. The results for T = 300 K are obtained from the data by [19, 20].
Error bars on the energy axis indicate the integrated spectral regions used to obtain the
population dynamics.

insulating phase. Analogously to the study illustrated for the iron pnictides,
we proceeded by analyzing the population dynamics in selected energy win-
dows above EF. In figure 6.4 exemplary energy-integrated photoemission
intensity curves as function of time delay, for the cCDW-Mott phase at
T = 30 K (6.4(a)) and in the purely metallic phase at T = 370 K (6.4(b))
are shown on a logarithmic scale. By comparing the raw data in the figures,
it is clear that the relaxation is faster in the metallic phase in all energy
regions and at T = 30 K, within the highest energy interval, the excited
carriers still show significant lifetimes of the order of some tens of fs. This
is not surprising, considering that despite the Mott gap collapses, the CDW
gap is still present [160] reducing the phase space for relaxation with respect
to the metallic gapless system.

We fitted the time-dependent photoemission intensities with a single
exponential decay function, convoluted with the pump-probe envelope, to
obtain the correspondent relaxation times, as it was done for the iron pnic-
tides energy-dependent data (see section 5.2.1). Exemplary fits are shown in
figure 6.4(a) and (b) and the obtained energy-dependent relaxation times are
shown in figure 6.5, comparing different fluences in the low-T and the high-T
phases. For completeness, the results for the T = 300 K, obtained by the
data from ref. [19, 20] are reported, which match quite good our results at
T = 370 K. In the low T phase we find very similar relaxation times for all in-
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vestigated F and even in the strong excitation regime at F = 1700µJ/cm2,
where an almost complete quench of the correlation strength was deter-
mined, the timescale for relaxation are the same as for the lowest fluence of
250µJ/cm2. In addition, the relaxation is more than two times slower than
the one deduced from the metallic phase, in all energy ranges. In particular,
at E−EF > 0.6 eV, where e−e relaxation processes should be dominant (see
section 2.2.2), the lifetimes are significantly longer, if compared to the ones
determined for the metallic phase. Here, at E − EF = 0.6 eV the lifetimes
amount to 35 fs and tend to further decrease at higher energies, while in the
insulating state, in the same energy region, the timescales for relaxation are
about 75 fs, more than double, even at the highest excitation fluence.
The absence of fluence dependence for the low-T data and the significant
difference in relaxation times obtained in the metallic and insulating phases
suggest an efficient suppression of the e−e scattering channels in the cCDW-
Mott phase of the system, because otherwise e− e interaction between pho-
toexcited carriers would result in rapid carrier thermalization and a pro-
nounced excitation fluence-dependence of the observed dynamics. This is in
agreement with the picture of a localized excitation of carriers, that do not
scatter among each other. We conclude that optically excited carriers are lo-
calized on a length scale of less than one cluster site and refer to these states
as excited cluster orbitals. Furthermore, the transient photoinduced state is
significantly different from the high-T metallic phases, even when the short
range correlations are almost lifted. The localized nature of the excitation
process suggests a real space description of the photoinduced state in which
single polaron sites are excited and coexist with unperturbed sites in an
unordered manner (figure 6.3(a)). This situation is different from the well-
known equilibrium structures that still exhibit nearly- to incommensurate
order in the different high temperature phases [18].

To further quantify the relaxation dynamics and the recovery of charge
order, we compare the relaxation of the total population excited above EF

with the recovery dynamics of the LHB. We therefore integrate the total
photoemission intensity (Etot) from EF up to 1.5 eV and compare it with
the photoemission intensity integrated around the LHB energetic position
as function of delay, as shown in figure 6.6(a) and (b), respectively for the
excitation fluence of 1 mJ/cm2. By fitting the data with a single exponential
decay function, convoluted with the pump-probe envelope, we obtain a re-
laxation time of 325 fs for Etot, which is almost three times smaller than the
recovery time of 800 fs obtained for the LHB. The relaxation of Etot matches
the values of the lifetimes determined close to EF (below E−EF ∼ 0.1 eV) in
the energy dependent analysis discussed above (figure 6.5), indicating that
the processes occurring in that energy region are the ones dominating the re-
laxation of the excess energy in the electronic system. As explained in section
2.2.2, close to the Fermi level, dissipation of energy through electron-phonon
coupling becomes important, but it is intertwinned in a non trivial manner
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Figure 6.6: Temporal evolution of the total photoemission intensity above the Fermi level
Etot (a) and the LHB intensity (b) for F ≈ 1 mJ/cm2 and T = 80 K. Solid lines are fit to
the data. (c) recovery time of the LHB as a function of fluence for T = 30 K and T = 80 K
obtained with a single exponential fit.

with the effect of secondary excitations. However, very similar timescales
were obtained in time resolved electron diffraction experiments [163] on the
nearly-commensurate CDW phase of 1T − TaS2, which directly probe the
lattice dynamics. Such study showed that lattice heating after femtosecond
optical excitation due to the energy transfer from the electronic system to
phonons occurs on a timescale of 350 fs, proving also in our case, electronic
energy relaxation due to electron-phonon interaction. While after ∼ 350 fs a
major amount of the excess energy has been transferred to the lattice system,
the electronic system is still in a non-equilibrium state as the LHB intensity
did not fully recover. The strong mismatch in the timescales for Etot and
the recovery of the LHB shows that while electron-phonon interaction is the
major energy loss channel for the electronic systems excess energy, it cannot
be solely responsible for the complete relaxation of the system back into its
charge ordered ground state.
Since in 1T -TaS2 the emergence of charge order is directly linked to the pe-
riodic lattice distortion associated with charge density wave order, it would
be reasonable to assume that the recovery of charge order after a sudden
quench is also strongly influenced by the lattice. To discuss this point,
Figure 6.6 (c) is helpful, which shows the recovery time of the LHB as a
function of fluence, for T = 30 K and T = 80 K. At both temperatures,
the same qualitative trend is recognized: a slight decrease from 860 fs to
780 fs is found in the low excitation regime, for F up to 500µJ/cm2. Af-
ter that an increase of the recovery time up to 1.1 ps occurs in the strong
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excitation regime. Although an overall variation of about 30% of the recov-
ery times with the excitation fluence is found, no clear monotonous trend
can be identified. This excludes a thermal activated recombination process,
as higher lattice temperatures would facilitate the formation of a favorable
nuclear configuration for polaron-reformation and, therefore, should result
in a fast re-establishment of charge order. Thus, in this case, we would
expect a reduction of the recovery time with increasing F . Although in the
weak excitation regime, the recovery times slightly decrease, there is clearly
no difference between the temperatures of 30 K and 80 K, corresponding
to almost a tripling of thermal energy. Therefore, we conclude that while
electron-phonon interaction is serving as an energy loss mechanism, more
complex processes of electronic nature must play an important role for the
complete re-establishment of charge ordered ground state of the system.



70 CHAPTER 6. TRARPES ON 1T -TAS2

0.8

0.6

0.4

0.2

0.0

E
-E

F
(e

V
)

10008006004002000-200
Delay (fs)

6x10
6

5

4

3

2

1

0

P
E

S
 Intensity (arb. u.)

T=30 K
F= 60 µJ/cm²

Figure 6.7: False-color representation of the unoccupied part of transient photoemis-
sion spectra recorded at low temperature (T = 30 K) in the weak excitation limit
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6.2 Ultrafast population of the UHB

After having discussed the collapse and recovery of charge order and the
relaxation of the incoherent population excited above EF, we will now turn
our attention to the coherent spectral signature appearing at E − EF ∼
200 meV upon photoexcitation of the material in the cCDW-Mott phase. We
will focus our discussion on the data obtained in the weak excitation limit
(see section 6.1.1), a situation that should virtually reflect the equilibrium
properties of the material. Assuming that every incident photon can excite
one valence carrier on an individual star site once, according to equation
6.1 and assuming the absorption probability which gives the best fit to the
data, the excited carrier density in the first atomic layers was estimated to
be less than 3 per cent for F = 100µJ/cm2.

Under such excitation conditions we observe the appearance of a pho-
toemission peak at E − EF ≈ 175 meV, as shown in figure 6.7 in a false
color representation. The spectrally incoherent excitation continuum that
ranges up to E − EF ≈ 1.5 eV exhibits population maxima that appear at
energy-dependent positive delays of a few femtoseconds due to the finite
life times of the corresponding electronic states [164, 165, 166]. In contrast,
the sharp spectral signature at E − EF ≈ 175 meV responds significantly
faster and exhibits a population maximum at zero delay, indicative of a life
time of only few fs, not resolvable with our experimental setup. The dis-
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tinct response of such a spectral feature becomes evident when the transient
energy distribution curves (EDC) are considered. Figure 6.8 shows EDCs
at selected time delays between ±100 fs and the unpumped spectrum. The
spectroscopic contrast, of the order of < 1% with respect to the LHB in-
tensity, reaches its maximum around zero delay and, along with ultrafast
melting of the formerly gapped spectral region around E−EF ≈ ±0.2 eV, is
completely lost after ≈ 100 fs. At later delays in the same energetic region,
only the spectrally incoherent signatures analyzed in the previous section
remain, arising from the excitation of secondary electrons upon scattering
and energetic relaxation of the primary excited electrons.

Fig 6.9 (a) shows EDCs at T = 30 K for different excitation fluences,
evidencing that the spectral signature is indeed more prominent in the low
excitation regime and Fig 6.9 (b) compares EDCs for different temperatures.
The peak is present in the low-T cCDW-Mott phase (T = 30 K,80 K) and
completely absent in the purely metallic phase (T = 370 K). At T = 300 K,
an onset is visible. In both graphs the spectra were averaged over the delay
range ∆t = (−125,−65) fs, in which the spectral signature is most promi-
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nent. Here we anticipate that the fact that the contrast is maximum at
slightly negative delays depends on the positioning of our ∆t = 0 delay in
correspondence of the maximum photoemission intensity of the highest en-
ergy carriers, which in this case occurs few femtosecond later with respect
to the signature under discussion here. We will come back to this point in
the next section in more detail. Due to the energetic position of the spectral
signature, its absence in the purely metallic phase, time-independent bind-
ing energy and ultrafast dynamics discussed throughout the present section,
we identify this state as the upper Hubbard band (UHB), in agreement with
recent scanning tunneling microscope experiments [167] and inverse photoe-
mission studies [168] that suggest a symmetric gap around EF and identify
the corresponding state to be a backfolded part of the Ta 5d manifold. The
signature visible at T = 300 K can be justified as the system already entered
the nCDW phase and, although it has not developed the Mott-phase yet,
intracluster Coulomb repulsion among electrons has started increasing (see
section 3) simultaneously with the local formation of cluster sites. Thus,
this might well result in a very weak signature, being an onset of the UHB
formation.
We remark that this is the first trARPES experiment leading to the distinct
observation of this state, which in a Mott system reflects the double occu-
pation of a single lattice site (doublon state, see section 2.1.1). Although
previous experiments [20] addressed the presence of a broad feature appear-
ing above the Fermi level in the photoexcited state, the contrast was not
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sufficient to enable its analysis both in the energy- and time-domain and
such feature was ascribed to a midgap signature.

6.2.1 Temporal evolution of the UHB
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Figure 6.10: (a)-(c) Exemplary fits to the transient EDCs obtained at time delays ∆t
of −188 fs, −28 fs, +2 fs (where both components are highlighted. The superposition of
the incoherent exponential background and the Lorentzian line was convoluted with the
instrumental energy resolution function. (d) Temporal evolution of the UHB spectral
signature in direct comparison to the underlying incoherent background. The solid line
are fits to the data. The data in (d) are compared with (e) time-dependent photoemission
intensity reproducing the pump and probe XC and the LHB intensity collapse. From [158]

In order to further discuss the temporal evolution of the UHB and sep-
arate its dynamics from the underlying incoherent background, we decom-
posed both spectral contributions by fitting the energy distribution curves
with an exponential background and a Lorentzian line convoluted with the
instrumental resolution function, as exemplary shown in fig. 6.10 (a)-(c)
for some selected delays. From this analysis we obtained the peak inten-
sity of the UHB and the underlying background intensity as a function of
time-delay, shown in figure 6.10 (d). The background intensity reaches its
maximum few tens of fs later that the UHB as the building up of the inco-
herent hot electron populations close to EF is influenced by states lifetimes
and secondary excitations, as discussed in chapter 5 for the FePn. In con-
trast, the population of the UHB is formed instantaneously. Such curves
were then described with a single exponential decay fit function, convoluted
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with a gaussian function representing our pump-probe envelope, in order
to obtain their time-dependent relaxation. While the ultrafast response of
the UHB shows no significant lifetimes, the underlying background and the
spectral gap exhibit slower dynamics with a significant population decay
time of 280 fs, in agreement with the previously shown results (figure 6.5
and 6.6a). The fact that the background intensity is still present at pos-
itive delay times, while the UHB intensity is already quenched, suggests
that the corresponding doublon states can not be populated by secondary
excitations and we conclude that their photoinduced dynamics can not be
described by incoherent scattering processes considering rigid bands. Within
our experimental resolution, the UHB intensity reproduces the laser pulse
cross correlation that was obtained from the highest energy carriers. These
carriers have in general negligible life time and, thus, their population dy-
namics mainly resembles the temporal response function of the experiment
(Figure 6.10 (e)).

However, we have to remark that in the case of 1T -TaS2 samples, states
with finite lifetimes are present even in the highest energy region (close to
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E −EF = 1.5 eV). Since such lifetimes are much shorter than the pulse du-
ration, which in this case amounted to ∼ 110 fs, the cross-correlation (XC)
curve looks symmetric, but the maximum is shifted to slightly positive de-
lay. This produces a systematic error in the positioning of the zero on our
delay axis, which is usually determined from the maximum position of the
XC curve . Although we can not exactly quantify the amount of the shift,
we can estimate that it should not exceed ∼ 20 to 30 fs. Such limit corre-
spond to the minimum observable decays which produce a deviation from
the symmetric appearance of the XC curve. In the analysis reported in fig.
6.10(a)-(c) and (d) we could separate the coherent Lorentzian contribution
from the incoherent exponential background, responsible for the shift to pos-
itive delay, this is the reason why the maximum of the UHB is located at
around ∆t ≈ −30 fs. If we instead compare time-dependent photoemission
intensities integrated in different energy windows, as shown in figure 6.11,
we observe a shift of the maximum intensity towards positive delays for all
curves, which gradually increases approaching the Fermi level, except for
the one corresponding to the energy interval which includes the UHB. The
maximum of this trace coincides with the maximum of the curve represent-
ing our cross correlation, which is a further confirmation that the shift to
negative delay observed in the results plot in figure 6.10 (d), comes indeed
from the separation of the coherent and incoherent components performed
in the previous analysis.

The fast response of the UHB in close vicinity of the Fermi level is signif-
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icantly different from what was observed in, e.g. metallic or semiconducting
systems, where population decay times of a few hundred of fs can be ex-
pected [166, 169]. Figure 6.12 (a) shows the results of the Lorentzian fits in
the case of F = 160µJ/cm2, as a function of delay. The UHB peak position
is around E−EF = 173± 1 meV and is a constant function of delay, as well
as the spectroscopic linewidth which results on average ∼ 55 ± 5 meV. At
last figure 6.12 (b) compares the linewidth obtained by fitting the spectra in
figure 6.9 (a) for different incident pump fluences, showing an approximately
linear increase with increasing excitation. This excludes the photoemission
line to arise from an unoccupied rigid band populated by the 6 eV probe
pulse. The discrepancy between the values of 55 ± 5 meV and 78 ± 8 meV
for the Lorentzian linewidth obtained for the same F originates from the
fact that the data in 6.12 (b) are obtained not from single spectra at a given
delay but from spectra integrated over a delay range (∆t = (−125,−65) fs.
The minimum spectroscopic line width of 55 meV would support a minimum
life time of > 8 fs. Moreover, the temporal evolution of the UHB coincides
the collapse of the LHB signature that was previously shown to occur quasi-
instantaneously, on a time scale of less than 20 fs [48] and since we are able
to detect lifetimes of at least ∼ 30 fs, we can consider this to be an upper
limit for the life time of the UHB. Thus, the characteristic time scale for the
UHB dynamics would roughly correspond to one or few hopping cycle that
is expected to occur on a time scale as short as ~/J ≈ 14 fs [20, 170].
Neither the line width nor shape of the UHB change as a function of delay,
indicating that the population within the UHB rapidly thermalizes within
the experimental resolution. This fingerprint of strong e − e interaction,
which leads to fast energetic redistribution of carriers within the electronic
subsystem, underlines the fundamental distinct response of the UHB with
respect to the incoherent electron population analyzed in the previous sec-
tion, which showed instead inefficient scattering among the excited carriers.
We furthermore observe that the binding energy of the signature does not
change with time (figure 6.12 (a)). This excludes the possibility that the
signature discussed here arises from polaronic excitations identified earlier
by femtosecond optical spectroscopy [22] and verifies the ultrafast decou-
pling of electronic and lattice degrees of freedom, since polaron formation
or disintegration would result in an energetic stabilization on resolvable
(phononic) time scales. Indeed, the response of the UHB appears to be
faster than a quarter-period of the highest-frequency phonons in 1T -TaS2

(11.9 THz) [171].

Based on these results we can conclude that the electronic and phononic
subsystems are decoupled on early stages after photo-perturbation, which
leads to a significant reduction of complexity in the theoretical modeling, as
only the electronic part of the system can be considered. While electron-
phonon coupling plays a major role serving as, e.g. an energetic loss channel
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for the electrons on longer time scales, the dynamics on ultrafast timescales,
thermalization of carriers in the UHB and subsequent decay of its occupa-
tion do not require such coupling.
It should be stressed that our experimental findings are partly incompati-
ble with the recently established explanation of energy gap formation based
solely on orbital texturing effects [113]. Optical excitation of an orbitally
ordered system would result in a rapid destruction of the orbital order.
Correspondingly, the electronic gap should melt on electronic time scales, as
observed previously experimentally [19, 20, 48, 8]. Assuming that our signa-
ture arises from the orbitally ordered state, it would indeed be imaginable
that optical excitation can result in a temporary population of this signa-
ture before it is disintegrated due to the exceedance of a certain excitation
level. However, the subsequent cooling process of the electronic subsystem
should results in a regeneration of this signature and the state should be re-
populated by secondary excitations. Such a behavior is not observed in our
experiments. Furthermore, slight shifts of the binding energy or linewidth
changes should be observable during the disintegration of the unoccupied
state, which are also absent in our experiments. We thus believe that, while
orbital order might play a role in electronic band formation, the electronic
response occurs in a limit where correlation effects can not be neglected and
the integral response of the electronic system to the optical perturbation
must be considered.

6.2.2 DMFT calculations

A theoretical description of the phenomenon addressed here in our exper-
iment was provided by our collaborators M. Eckstein at the Max Planck
research department of Structural Dynamics in Hamburg and P. Werner
and D. Goleš at the University of Fribourg (Switzerland). In the following,
we will report the results of such study, that discusses a simple theoretical
picture based on a purely electronic model and demonstrate how the inclu-
sion of strong interaction effects is crucial for a description of the short time
dynamics.
In the previous section, we concluded that it appears to be safe to neglect
coupling to vibrational degrees of freedom on the time scales under dis-
cussion. Therefore, the dynamics of a single band Hubbard model on a
two-dimensional triangular lattice are considered and interactions with ad-
ditional bosonic channels are neglected:

H =
∑
iδσ

Jc†i+δ,σci+δ,σ + µ(ni↓ + ni↑) + U
∑
i

(ni↑ −
1

2
)(ni↓ −

1

2
). (6.2)

c†iσ and ciσ denote the creation and annihilation operators for a Fermion
on lattice site i with spin σ, J is the hopping integral between neighboring
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sites, µ is the chemical potential, ni is the number of carriers on site i
and U is the on-site Coulomb repulsion. The electric field of the pump
laser E(t) is applied along the (1, 1) direction and enters the Hamiltonian
via the Peierls substitution. The parameters were chosen such that, in the
absence of an external perturbation (E(t) = 0), this Hamiltonian mimics
the equilibrium spectra of 1T -TaS2 [19, 167] with bandwidth W = 0.36 eV.
The dynamics after optical excitation are modeled by perturbing the system
with a Gaussian pulse of the form

E(t) = E0 exp(−4.6(t− t0)2/t20) sin(ω(t− t0))

where the duration of the pulse t0 is chosen such that it accommodates
a single optical cycle. The frequency ω was chosen to be ω/J = 8.0 and
the pulse amplitude was E0/(Je) = 2.0. To solve the electron dynamics, a
nonequilibrium dynamical mean field theory (tDMFT) approach [42] is used,
which maps a correlated lattice problem onto a self-consistent determined
impurity problem [172]. To treat the impurity problem, the lowest order
strong coupling expansion, i.e. the noncrossing approximation (NCA) was
used. To confirm that the resulting dynamics is qualitatively correct, and not
sensitive to the details of the band structure, the one-crossing approximation
(OCA) on the Bethe lattice was also employed. Realistic gap sizes are
obtained for U = 0.36 eV in NCA, and U = 0.43 eV in OCA.
The transient occupation dynamics were obtained by computing the partial
Fourier transform of the lesser component of the Green’s function (occupied
density of states):

A<(t, ω) = Im

[∫ t+tmax

t
dt′eiω(t−t

′)

]
G<(t′, t).

First, the response of the ideal Mott insulator at half band filling (n = 1)
is discussed and the results are shown in the right panel of figure 6.13(a).
The optical excitation results in a partial occupation of the states in the
upper Hubbard band over a large energy range that relaxes within the band
and results in a slow population build-up at the low energy edge. This
finding is not consistent with the experimental observation that shows a
quasi-instantaneous occurrence of the UHB signature that does not change
its shape with time. It is however in agreement with previous studies [173],
which show that the thermalization in an isolated small-gap insulator can
lead to an increase in double occupation on the time scale of few inverse hop-
pings. We note that in contrast to previous theoretical interpretations [19,
20], but in agreement with the experimental data and recent theoretical
arguments based on hight temperature expansions [174], the present simu-
lations do not predict a substantial gap filling after photoexcitation.
A more realistic time evolution is given if one considers an effectively hole-
doped system. This is a realistic scenario, as pristine high-quality samples
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Figure 6.13: Time evolution of the occupation function G<(ω, t) for a half-filled band
(n = 1, left panel) and in the hole-doped case (n = 0.95, right panel). The dashed lines
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G<(ω) for n = 0.98 (solid lines) and n = 0.95 (dashed lines) at different temperatures
β = (kbT )1, given in units of W (β = 1 corresponds to a temperature of 32300 K). (c)
Spectral width of the UHB signature at E − EF ≈ 175 meV as a function of excitation
density E2

0 . The dashed line indicates a linear dependence. From [158]

of 1T -TaS2 exhibit non-perfect stoichiometric ratios, but they can rather be
described as 1T -Ta(1−x)S2, with x of the order of 0.01 [175]. Such samples,
that were also used in our experiments, are characterized by the highest
transition temperatures and sharpest resistivity jumps. Assuming that ev-
ery Ta atom out of a 13-atom superstructure cluster donates four electrons
to the surrounding S atoms, we estimate that the effective band filling of the
Hubbard bands can range from half filled (x = 0, n = 1) to quarter-filled
(x = 0.01, n = 0.5). Given that the exact stoichiometric composition of
our samples is hard to determine experimentally, we assume a small doping
level of n = 0.95 to discuss the general influence on the UHB dynamics. The
corresponding results are shown in the left panel of figure 6.13(a). In con-
trast to the half-filled case, the occupation function in the doped case shows
a transient increase of the doublon spectral weight, which quickly vanishes.
Such evolution is in qualitative agreement with the experimental findings.
In agreement with previous works [173, 176] the Hubbard band in the small
gap regime thermalizes on the time scale of several inverse hoppings, which
was confirmed by checking that the fluctuation-dissipation theorem is ful-
filled. Therefore we can compare the results in the long-time limit with
the thermal states at elevated temperatures, see figure 6.13 (b). In the half-
filled case, the UHB of this small gap system is always substantially occupied
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due to the finite overlap of the high-temperature Fermi-Dirac distribution
function with the UHB. In the doped case, the Fermi-Dirac distribution is
shifted to lower energies and the overlap with the UHB is exponentially
suppressed. In such a situation, a significant population in the UHB can
only be achieved at extremely high electron temperatures. This also ex-
plains the experimental requirement of low excitation densities to observe
the ultrafast reduction of the UHB population and is reflected in the exper-
imental finding that the spectral width of the UHB increases linearly with
excitation fluence (Fig. 6.12 (b)), which is also reproduced in the theoretical
calculation (Fig. 6.13(c)). Notably, even though electron-phonon coupling
is important in 1T -TaS2, we can neglect the phonon dynamics on electronic
time scales. In any event, the effect of electron-phonon interactions, as well
as short-ranged spin excitations, would be to speed up the relaxation and
thermalization [177, 178]. This likely explains the faster dynamics in the
experiment, compared to the simulations which neglect this physics.
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Large part of the two following section has been reported wordwise
from [159], which was entirely written by myself.

6.3 Switching to a photoinduced hidden state

A recent time-resolved optical study reported on a photoinduced switch-
ing from the many-body insulating ground state to a long-living metallic
metastable state in 1T − TaS2 [11]. Such a state is not obtained in any of
the several equilibrium phases of the material and therefore is referred to as a
”hidden” (H) state, which is reached only under non-equilibrium conditions.
It was demonstrated that the H state could also be achieved by applying
electrical pulses [23, 179, 180] and recent efforts do now aim at microscopic
characterization of such a state and the underlying mechanism that leads
to its formation [23, 167, 181]. The H state shows metallic properties, sug-
gested by a drop in the resistivity of about two orders of magnitude [11] and
confirmed by scanning tunneling microscopy (STM) experiments that, upon
switching with electrical pulses, unveiled the formation of textured charge
density wave domains, which tunneling spectra indicate final spectral weight
at the Fermi level [167]. However, it has been shown that, although the
switching to an H state is achieved, different characteristics of such a state
can manifest themselves in the presence of different experimental conditions.
Different resistivity values with different relaxation properties [180] can be
reached upon changing the electric pulse voltage, or different responses in
the transient reflectivity [11] shows up for different fluences of the switching
laser pulse, or different base temperatures. This is an indication that dif-
ferent configurations of the H state are available under different conditions.
In addition, a direct observation of the changes occurring in the electronic
structure is not yet available in the literature. In this regard, time- and
angle- resolved photoemission, with its ability of accessing the static and
transient evolution of the electronic structure, is the ideal tool.

6.3.1 Coherent excitation of the CDW amplitude mode

The H state, probed by tr-optical measurements, mainly manifests itself in
a (reversible) modification of the CDW amplitude mode frequencies [11].
Thus, before introducing the photoemission switching experiment, main ob-
ject of this section, a brief description of the coherently excited oscillations
visible in the trARPES spectra is required. Here, we do not aim at a detailed
analysis of the coherent oscillations in the system, but only introduce the
typical response of the system to the excitation of the CDW, that serves us
in the next discussion about the switching to a H state. The analysis of the
coherent oscillations can be found in other publications for trARPES [19]
and transient optical reflectivity [156, 182, 183].
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Figure 6.14: Photoemission intensity integrated over an energy window of 40 meV around
EF, as function of time delay. The inset shows the FFT of the data, with two peaks at
2.43 THz and 2.54 THz. From [159]

As already introduced in section 6.1,upon optical excitation a strong mod-
ulation of the photoemission intensity signal takes place, originating from
the pump-induced coherent excitation of the CDW amplitude mode (fig-
ure 6.2 (a)), which persists up to tens of ps delay. Such oscillations reflect
the breathing mode of the contracted stars and charge density. Figure 6.14
shows the time-dependent intensity of the coherent oscillations obtained by
integrating the photoemission signal analogous to figure 6.2 (a) in an interval
of 40 meV around EF. The temperature was 30 K and the excitation fluence
was F = 360µJ/cm2. The period of the oscillations is about 0.4 ps, corre-
sponding to a frequency of 2.5 THz, which reflects the breathing mode of the
star-shaped clusters together with the charge density. A beating of about
10 ps period suggests the presence of an additional mode. Its frequency
is determined by the Fourier transformation of the time-domain signal, as
shown in the inset of figure 6.14, where two modes of 2.43 THz and 2.54 THz
are found, in agreement with [19], which were assigned to bulk and surface
response of the CDW amplitude mode. After 25 ps the oscillations looks
strongly damped, in agreement with damping constant determined in [156].

6.3.2 Effect of the switching on the static and time-resolved
spectra

We will now show the switching to a metastable H state by strong fs-
photoexcitation, starting from the cCDW-Mott insulating (virgin) state and
two ways of reverting to the initial equilibrium state by means of infrared
ultrashort pulses. The switch (S) was obtained by exposing the system to
the pump laser beam with high averaged power, corresponding to an inci-
dent fluence of about F = 3 mJ/cm2 for a minimum of 10 ms (2500 pulses)
and up to 200 ms (50000 pulses), similar to [11]. The erase (E) could be
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Figure 6.15: Schematics of the switch/erase setup. A flipping mirror (FM) is placed
before the compressor in order to use the incoming beam of uncompressed pulses for the
E procedure. The optical paths for the delay stage and for alignment onto the sample
are omitted for simplicity. a) Comparison of photoemission spectra after switching (red)
and after erasing (black) on the same spot. The switching is obtained with compressed
pulses at F = 3 mJ/cm2 and 50 ms exposure time and the erase with the same beam and
exposure time but at F = 2 mJ/cm2. The inset shows the corresponding S/E cycle by the
sequential loss and recovery of the LHB intensity. b) S/E cycle of another data set where
the switching was obtained for 10 ms exposure time and E with the uncompressed beam.
From [159]

achieved either by exposing the sample for ∼1 s to a train of ps pulses [11],
coming from the RegA and bypassing the compressor, or with the same
beam and exposure time used for the switching but with less average power,
corresponding to F = 2 mJ/cm2. The schematics of the laser beams used for
this experiment is shown in the experimental setup chapter (see section 4.1).
After applying the switching procedure, a flipping mirror was used to pick
up the laser beam before entering the compressor and redirected to the same
spot on the sample by an alternative optical path. The incident fluence of
both the compressed and uncompressed beams could be adjusted by using
a combination of non-dispersive filters. Figure 6.15(a) compares static pho-
toemission spectra on the switched (H) and erased virgin (V) states, both
achieved using the pump beam (compressed pulses) with an exposure time
of 50 ms (12500 pulses) and different incident fluence as explained above.
The main feature observed in the H state is a quench of the LHB inten-
sity of about 15% and some minor redistribution of spectral weight within
the photoemission spectrum at lower binding energy. These changes remain
for an indefinite time (tested up to several hours) without recovering until
erased. It was possible to reproduce the H and V state on the same spot in
alternating sequence, as shown in the inset of figure 6.15(a). Figure 6.15(b)
shows such a S/E cycle for another set of data, where the switching was
obtained with 10 ms exposure time and the erasing with the uncompressed
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Figure 6.16: Saturation of the switching effect. a) S achieved with F = 3 mJ/cm2 and
increasing the exposure time. Violet: 10 ms, pink: 120 ms, red: 120 ms (2 times), orange:
200 ms. After reaching 20% drop (red spectrum) the effect is saturated and the spectra
measured subsequently perfectly overlap. In b) the spectra in a) are compared with
intensity represented on a logarithmic scale. At maximum switching, despite the 20% loss
in the LHB intensity, no spectral weight is found towards EF, suggesting that the system
remains in an insulating state. From [159]

beam. In this case, the value of the LHB quench is smaller (about 8%) and
it should be noted that in both cases the levels of the LHB maxima are not
perfectly reproducible, suggesting that the effect does not saturate.

In figure 6.16(a) we show a series of photoemission spectra starting from
the V state on which we applied the S beam several times on the same spot
with different exposure time. After three subsequent applications of 10 ms
and two times 120 ms, respectively, we reached a maximum quench of the
LHB of about 20% and further applications with higher exposure time, up
to 200 ms, did not produce any additional change, indicating a saturation
of the S-induced effects. The same spectra are reported in figure 6.16(b),
together with the spectrum in the metallic phase, with the intensity plotted
on a logarithmic scale. It is evident that even upon maximum S, no spec-
tral weight is transferred from the LHB into the gapped region towards EF,
indicating that the H state remains insulating and it is therefore different
from the one obtained in previous works [11, 167].
In order to verify the impact of the S on the frequency of the coherent CDW
amplitude mode, we also performed trARPES measurements on the H and
V states, analogous to those presented in figure 6.14 but for a much longer
acquisition time window of 60 ps and delay step of the order of one half
period of an oscillation cycle. Thereby we obtain a better resolution in the
correspondent Fourier transformed frequency spectrum. We proceeded as
follow: we first applied the same S procedure as the one for the spectra
in figure 6.15(a) and performed the pump-probe measurement with an in-
cident fluence of 140µJ/cm2, sufficient to trigger and detect the coherent
oscillations in the photoemission signal, but not high enough to run into
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an undesirable E process due to cumulative pump-induced heating. After
verifying the persistence of the H state, by comparing static photoemission
spectra before and after the pump-probe measurement, we erased and start
an identical time resolved experiment. The results are shown in figure 6.17,
comparing the Fast Fourier transformations obtained from the time depen-
dent data (analogous to the inset in figure 6.14) and show that although
the peak at lower frequency is basically not affected, the one at 2.51 THz is
dramatically reduced in the H state.
From these observations we could conclude that we achieve well defined
switching to an H state, which manifests itself in a significant quench of the
LHB spectral signature, causing a modification of the electronic structure
of the system. Such changes stabilize and do not relax spontaneously to the
initial state, but only upon applying an E procedure. Moreover, we observed
the fingerprints of the transition to the H state also in the frequencies of the
coherently excited CDW amplitude mode. However, the H state reached
here shows different properties than the ones observed in [11, 23, 180, 167],
as it remains insulating.

6.3.3 Achievment of partial switching

Contrary to the conclusions of previous studies [11, 23, 180, 167], the H
state presented in this work is not metallic. At this point it is important
to consider the experimental conditions. For the H state obtained with op-
tical pulses [11], the sample was kept at 15 K and a single 35 fs infrared
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Figure 6.18: Simulation of the photoinduced increase in the lattice temperature ∆TL

during (a) the E procedure for the experiment performed by [11] and (b) the switching
performed here. The repetition rate was 250 kHz in both cases and the other parameters
are reported in the respective graphs.

pulse was used for the switching process. Also for the electrically induced
switching, the temperatures were kept below 5 K [23, 167], while we con-
ducted our experiment at 30 K. One should keep in mind that the erasing
of the H state occurs as a consequence of Joule heating. Therefore we con-
sider that the energy deposited by the train of switching pulses, results
in a sample temperature close to the threshold for the erase process, esti-
mated to around 150 K [11], as shown in figure 6.18 (a). We calculated the
transient increase in the lattice temperature (∆TL) with the same method
as employed in [11] and the results are shown in figure 6.18 (b). We ob-
tained ∆TL = 110 K (the parameters are those described for the S in figure
6.15(a): F = 3 mJ/cm2, 2500 pulses), which means a maximum transient
lattice temperature of 140 K, very close to the erase threshold. This tran-
sient high temperature hinders the switching process, leading to effectively
partial S and the system heading off to an H state which probably represents
a different local minimum of the free energy of the system. The tempera-
ture dependent study of the switching [180] also reports instabilities of the
voltage-versus-current behavior starting from ∼ 50 K. We would like to re-
mark that the most limiting parameter here is the starting base temperature,
as it has been demonstrated that the complete S can be achieved also by
using a train of pulses instead of a single one [11], analogous to our case, pro-
vided that the initial temperature is sufficiently low. Although the previous
considerations hold, it is fair to mention that the origin of the E obtained
with fs pulses but lower F remains unclear. However, although no metal-
lic character is obtained, significant changes in the photoemission spectrum
occur, clearly indicated by the significant reduction of the LHB intensity.
As explained in the two previous sections, the latter can be regarded as a
direct signature for charge order and would therefore point to a quench of
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charge order, in agreement with the previous studies [11, 167]. The changes
in the frequency spectrum of the CDW amplitude mode (figure 6.17) are
also another clear indication of the important modifications of the cCDW
structure occurring upon switching. In particular the peak at 2.51 THz is
shown to almost completely vanish in the H state. Thus, since the H state
under investigation does not develop a metallic character, we can conclude
that the high frequency peak is not linked to the metal properties of the
system.
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Figure 6.19: Summary of the identified timescales for photo-excited 1T -TaS2 in the
cCDW-Mott phase, which extend over five orders of magnitude.

We presented a systematic temperature- and fluence-dependent trARPES
study on 1T -TaS2, through which we characterized the transient photoin-
duced phase and observed the population dynamics of the UHB. The iden-
tified timescales are summarized in figure 6.19. The quench of the LHB
occurring upon photo-excitation directly reflects the reduction in the corre-
lation strength, that can reach up to 90% in the strong excitation regime.
However, from the analysis of the energy-dependent relaxation times as a
function of fluence and temperature, we could conclude that the system is
not driven into its conductive state and the excitation process is of a local-
ized nature suggesting a real space description of the photoinduced state in
which single polaron sites are excited and coexist with unperturbed sites in
an unordered manner. From the strong mismatch between the timescales
of the LHB recovery and the relaxation of the hot electrons population, we
concluded that while electron-phonon interaction is the major energy loss
channel for the electronic systems excess energy, it cannot be solely respon-
sible for the complete relaxation of the system into its original ground state,
but more complex processes of electronic nature must be important and
should be considered for the re-establishment of charge order.

In the weak excitation limit, the UHB was observed, indicating the tran-
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sient population of doublon states. We analyzed the time evolution of the
UHB and based on our results we concluded that the relevant timescales for
photoinduced disorder and the subsequent dynamics in the electronic sub-
system of this Mott-insulator are of the order of the electronic hopping cycle
~/J . The time-domain approach was essential, as it enabled the detection
of the doublon state before further excitation, like secondary electrons or
phonons, would mask the UHB. The electronic and phononic subsystems
are decoupled on early stages after photo-perturbation which (i) is the hall-
mark of non-equilibrium dynamics and (ii) allows for a significant reduction
of complexity by only considering the electronic part of the system. While
electron-phonon coupling plays a significant role and serve as, e.g. an ener-
getic loss channel for the electrons on longer time scales, the dynamics on
ultrafast timescales, thermalization of carriers in the UHB and subsequent
decay of its occupation do not require such coupling. From preliminary
results of a theoretical modeling obtained with a tDMFT approach, we con-
cluded that the dynamics of the transient population of the doublon states
are governed by the effective band filling and our results are best reproduced
in the case of a slightly hole-doped system. This finding might be transfer-
able to other Mott insulators in which simultaneously strong coupling of
different degrees of freedom make theoretical modeling challenging.

At last, we presented first switching experiments on this material with
the trARPES setup, showing that at T=30 K a metastable H state is reached
upon intense photoexcitation, which can be reverted to the initial cCDW-
Mott state by applying a train of either picosecond or femtosecond pulses.
The H state is characterized by a 20% reduction of the LHB intensity, while
the material shows no metallic character at k‖ = Γ. We therefore conclude
that the H state reached and investigated in the present work is different
from the one observed in previous studies [11, 23, 180, 167] and that the
metallic state is not reached, due to partial switching in the presence of
a transient lattice temperature close to the erase temperature threshold.
However, the reduction of the LHB and the changes in the high frequency
peak of the CDW amplitude mode, occurring upon switching, are indicative
of a reduction in the degree of charge order, in agreement with the results
of previous studies [11, 167]. This work demonstrates that H states can
be probed by means of trARPES, which is the ideal tool to investigate the
microscopic changes of the system directly in the electronic structure as a
function of energy, momentum and time-delay.
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Chapter 7

Conclusions and Outlook

The present work reported on ultrafast trARPES study on complex chemi-
cally doped materials in which e− e correlations and coupling to other de-
grees of freedom gives rise to the emergence of different competing ground
states and novel photoinduced states.

A systematic doping-dependent study was carried on the Fe-based HTSC
Ba(Fe1−xCox)2As2 in the normal state. The relaxation of the excited elec-
trons’ population around the BZ center was analyzed as function of binding
energy and fluence revealing a doping-dependence of the relaxation times
that does not monotonously follow the carrier concentration, with the fastest
relaxation occurring at optimal doping. This observation, in qualitative
agreement with the results obtained from transport measurements [25, 24],
originates from the vertical dispersion of the 3D Fermi surface of these com-
pounds and the probe photon energy. We showed that we probe at a finite
kZ value between Γ and Z where additional contributions to the relaxation
from interband scattering are available in the case of the optimally doped
compound but absent in the overdoped. The comparison between scatter-
ing rates obtained by static ARPES, probing single-particle lifetimes from
occupied states by linewidth analysis, and the ones obtained in the present
work by trARPES was extensively discussed. The difference of almost two
orders of magnitudes in the correspondent values is in agreement with anal-
ogous studies performed on cuprates HTSCs [140] and is the confirmation
that these methods probe two different quantities.
The key observation came from the analysis of the energy-dependent relax-
ation rates, in which a step around the energy of E − EF = 200 meV was
identified at low excitation densities. The fluence dependence of the step
and the fact that it occurs at the same energy for all dopings, indicates a
coupling of the electronic system to a boson, in agreement with theoreti-
cal description [146, 147]. From the energy at which the step occurs and
comparison with literature, the magnetic origin of such a boson was sug-
gested. This observation further supports the recently published work on
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cuprates [32]. Notably, such observation originated from the analysis of the
non-equilibrium regime, while in the equilibrium electronic structure, no in-
dication of such coupling is present, contrary to the case of the cuprates.
An additional confirmation of the magnetic nature of the boson could come
from studies on hole doped compounds, since neutron scattering data suggest
that the mode at E−EF = 200 meV should be absent [151, 152]. Moreover,
it would be interesting to perform studies on isovalent doped compounds,
to establish whether the electron-boson coupling effect is a more general
feature in 122-compounds in general.

A systematic temperature- and fluence-dependent trARPES study on
1T -TaS2 in the CDW-Mott phase was presented aiming at the character-
ization of the transient photoinduced state. The key observation was the
transient population of the UHB, most prominent in the weak excitation
regime, a spectral feature reflecting the transient population of doubly oc-
cupied states. From the analysis of its time evolution, which is of the order of
the characteristic timescales of hopping, we concluded on the decoupling of
electronic and phononic subsystem at early stages after photo-perturbation.
While electron-phonon coupling plays a significant role in the dissipation of
the excess energy on longer timescales, the thermalization and occupation’s
decay of carriers within the UHB do not require such coupling but are only
governed by e− e interactions and effective band filling. This finding might
be transferable to other Mott insulators in which simultaneously strong cou-
pling of different degrees of freedom make theoretical modeling challenging,
as the decoupling of electronic and phononic system at early stages after
optical excitation allows for a significant reduction in complexity by only
considering the electronic part of the system.
On the same system, switching experiments were performed employing IR
ultrashort optical pulses, aiming at reaching the metastable hidden state [11].
Such state was analyzed for the first time by means of static and trARPES
and let conclude on the observation of partial switching, leading to signifi-
cant changes in the electronic structure of the system, although preserving
insulating properties. In the frequency spectrum of the excited CDW am-
plitude mode, the amplitude of the peak at 2.51 THz is drastically reduced,
while a second peak at slightly lower frequency is instead unaffected upon
switching. Since the system remains insulating, it was concluded that the
peak at higher frequency is not related to the metallic properties. From
simulations based on the same modeling used in [11], we estimated that the
transient laser induced heating during switching is close to the erase tem-
perature threshold, which is the reason for partial switching. Thus, future
experiments should aim at overcoming this hindrance and an effective way to
do so would be to reduce the starting base temperature. Moreover, employ-
ing other materials, like Se-doped 1T -TaS2, exhibiting similar effect but at
higher temperature will undoubtedly decrease the experimental challenges.
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doublon binding as the mechanism for the Mott transition. Phys.
Rev. B, 92:235155, 2015.

[42] H. Aoki, N. Tsuji, M. Eckstein, M. Kollar, T. Oka, and P. Werner.
Nonequilibrium dynamical mean-field theory and its applications. Rev.
Mod. Phys., 86:779, 2014.



BIBLIOGRAPHY 97

[43] G. Grüner. Density waves in solids, volume 89. Perseus publishing,
1994.

[44] R. E. Peierls. Quantum theory of Solids. Oxford University Press,
1955.
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R. Pöttgen. Spin-density-wave anomaly at 140 K in the ternary iron
arsenide BaFe2As2. Phys. Rev. B, 78:020503, 2008.



106 BIBLIOGRAPHY

[135] C. Liu, A. D. Palczewski, R. S. Dhaka, Takeshi Kondo, R. M. Fer-
nandes, E. D. Mun, H. Hodovanets, A. N. Thaler, J. Schmalian, S. L.
Bud’ko, P. C. Canfield, and A. Kaminski. Importance of the Fermi-
surface topology to the superconducting state of the electron-doped
pnictide Ba(Fe1−xCox)2As2. Phys. Rev. B, 84:020509, 2011.

[136] J. Fink. Influence of Lifshitz transitions and correlation effects on the
scattering rates of the charge carriers in iron-based superconductors.
EPL, 113:27002, 2016.

[137] M. Lisowski, P. A. Loukakos, U. Bovensiepen, and M. Wolf. Femtosec-
ond dynamics and transport of optically excited electrons in epitaxial
Cu films on Si(111)-7x7. Appl. Phys. A, 79:739, 2004.

[138] U. Bovensiepen. Coherent and incoherent excitations of the Gd(0001)
surface on ultrafast timescales. Journal of Physics: Condensed Matter,
19:083201, 2007.

[139] M. Ligges, I. Rajkovic, P. Zhou, O. Posth, C. Hassel, G. Dumpich,
and D. von der Linde. Observation of ultrafast lattice heating using
time resolved electron diffraction. Appl. Phys. Lett., 94:101910, 2009.

[140] S.-L. Yang, J. A. Sobota, D. Leuenberger, Y. He, M. Hashimoto, D. H.
Lu, H. Eisaki, P. S. Kirchmann, and Z.-X. Shen. Inequivalence of
single-particle and population lifetimes in a cuprate superconductor.
Phys. Rev. Lett., 114:247001, 2015.

[141] J. J. Quinn and R. A. Ferrell. Electron self-energy approach to corre-
lation in a degenerate electron gas. Phys. Rev., 112:812, 1958.

[142] S. Kasahara, T. Shibauchi, K. Hashimoto, K. Ikada, S. Tone-
gawa, R. Okazaki, H. Shishido, H. Ikeda, H. Takeya, K. Hirata,
T. Terashima, and Y. Matsuda. Evolution from non-Fermi- to Fermi-
liquid transport via isovalent doping in BaFe2(As1−xPx)2 supercon-
ductors. Phys. Rev. B, 81:184519, 2010.

[143] L. W. Harriger, H. Q. Luo, M. S. Liu, C. Frost, J. P. Hu, M. R.
Norman, and P. Dai. Nematic spin fluid in the tetragonal phase of
BaFe2As2. Phys. Rev. B, 84:054544, 2011.

[144] A. Patz, T. Li, S. Ran, R. M. Fernandes, J. Schmalian, S. L. Bud’ko,
P. C. Canfield, I. E. Perakis, and J. Wang. Ultrafast observation of
critical nematic fluctuations and giant magnetoelastic coupling in iron
pnictides. Nature Communication, 5(3229), 2014.

[145] A. A. Kordyuk, V. B. Zabolotnyy, D. V. Evtushinsky, A. N. Yaresko,
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