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4 Attosecond transient X-ray
absorption fine-structure
spectroscopy

This chapter presents the first demonstration of attosecond-time-resolved
electron dynamics involved during X-ray absorption fine structure spec-
troscopy (atto-tr-XAFS) under the influence of an IR laser pulse on a
composed semimetal with proving an absorption edge in the SXR regime
in the water window well above the carbon K-edge.

Firstly in Sec. 4.1 an introduction on how attosecond SXR pulses can
be used to investigate ultrafast electron dynamics in composite materials
through XAFS spectroscopy technique is presented. This time-resolved
spectroscopic technique is applied to TiS, whose electronic properties are
shown in Sec. 4.2. Afterwards the experimental configuration is detailed in
Sec. 4.3 where electronic dynamics are pumped or trigged by a sub-2-cycle
CEP-stable 1.85 pum pulse and probed or interrogated by the previously
described generated attosecond pulse in the SXR regime in the water win-
dow. This is followed by Sec. 4.4 that presents a theoretical approach
used to explain the electronic dynamics involved in the atto-tr-XAFS ex-
periment. To extract more information about the electron dynamics in the
femtosecond regime and optical properties of TiS,, an optical pump/probe
experiment is supplementary added in Sec. 4.5. This optical pump/probe
experiment uses similar pumping wavelengths than the ones used in atto-
tr-XAFS measurements but the probe pulse is now a 800 nm pulse with
a pulse duration of a few tens of femtoseconds. Finally, the chapter ends
with disclosing the conclusions from the experiments in Sec. 4.6.
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4 Attosecond transient X-ray absorption fine-structure spectroscopy

4.1 Introduction to attosecond transient XAFS in condensed matter

Microscopic insight into the position and the real-time motion of charge carriers
close to the Fermi level in condensed phase is of fundamental importance for basic
science as well as for the development of devices. These carriers most strongly in-
teract with their environment and thus largely determine materials’ optical and
electronic properties and the functionality of devices made of these materials.
Hence, access to the dynamics of these carriers is a long-standing goal of con-
densed matter physics to advance, for instance, computer processors whose speed
and miniaturization has reached limits where further improvements are stymied
without a comprehensive understanding of the dynamic many-body interactions of
145,146 Thus, knowledge about the space-time motion of carriers within
a solid’s band structure is essential to develop advanced materials for ultrafast
electronics, batteries and energy converters, light harvesting compounds and infor-
mation processing 4.

carriers

Earlier studies have applied time-resolved XAFS at SXR photon energies, but
were limited to tens of femtosecond temporal resolution*® incapable of grasping
the sub-cycle electron dynamics. Attosecond transient XAFS (atto-tr-XAFS) was
so far restricted to extreme ultraviolet (XUV) photon energies thereby limiting
the applicability of the method to the study of only a few elements with suitable
transitions energies'0:18:21,149-152 "¢ to core-level dynamics??. Transferring the
concept of atto-tr-XAFS to SXR photon energies in the water window covering the
K-, L- and M-edge transition energies of more than 50 elements renders the method
a powerful tool for the sub-optical cycle time-resolved study of charge dynamics in
many more physical systems. In particular, the developments presented in our study
turn light-field driven charge dynamics into an experimental observable by covering
the relevant SXR transition energies at the L, 3-edges of Titanium (460 eV) and
Sulfides (160 eV), the M; and Mj > 3-edges of the Selenides (230 and 166 eV,
respectively), Ni-edge of the Tellurides (170 €V), and most importantly the strong
K-edge of Carbon/Graphene (284 eV) and the Nitrides (409 eV).

Applying XAFS in crystalline matter, unlike atoms and molecules, have a
continuum of energy states around the Fermi energy level due to the crystal peri-
odicity 123, Laser pulses with visible or infrared wavelengths, used as pump pulses,
excite or initiate electron dynamics from states close to the Fermi level due to the
low photon energy. In the simple picture of single photon absorption, the pump
pulse leads to an electron transition from the valence band to the conduction band
yielding to a new unoccupied DOS in the valence band and a new occupied DOS
in the conduction band. XAFS, due to its element-specific and dipole transition
character can only probe transitions within the same element and follow the se-
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4.1 Introduction to attosecond transient XAFS in condensed matter

lection rules Al = + 1. The first sample’s requirement is that the transitions
introduced by the pump pulse (in other words, the new unoccupied or occupied
electronic DOS) can be access or probed by the attosecond SXR pulses.

As discussed in Chap. 3, the thickness of the sample must be such that
the absorption edge jump under study is maximized. This typically implies a
thicknesses below 200 nm which puts constrains on the availability of the samples
since they must be manufacturable. However, thin samples have the advantage
that the temporal smearing between the pump and probe pulses introduced by the
group velocity dispersion difference is minimised. The approach here is to choose
materials that are stable in a two dimensional configuration®#71%7  Although we
require a desired thickness within a few tens of nanometers to less than 100 nm,
this thickness is achieved by either exfoliation of the thick bulk crystal or slicing
it using an ultra-microtome with a diamond blade. Table 4.1 shows the available
layered materials with absorption edges at the water window that are sorted by the
most prominent dynamics that can be probed by the attosecond SXR radiation

source.
Layered Absorption edges Direct bandgap Allowed transitions
material energy (eV) VB — CB Al=+1
Graphite11° C K(284.2 V) Zero band gap C 1s — VB&CB p-like
100 nm C p-like — C p-like
BN 158.159 N K(410 eV) 5.9 eV N 1s — VB&CB p-like
120 nm N+B p-like — N+B p-like
BCN 160 C K(284.2 eV) 3 eV C 1s — VB&CB p-like
120 nm N K(410 eV) C p-like = C4+N+B p-like N 1s — CB p-like
TiS, 143161 Ti Lp3(460&454 eV) 0.23 eV Ti 2p — CB 3d-like
70 nm S Li1(231 eV) S 3p-like — Ti 3d-like S 2s — VB 3p-like
TiSe, 161-163|  Ti L, 3(460&454 V) 0.06 eV Ti 2p — CB 3d-like
70 nm Se M1(230 eV) Se 4p-like — Ti 3d-like Se 3s — VB 4p-like

Table 4.1: Sorted layered samples suitable for time-resolved XAFS in the
water window. The materials are sorted by the strongest absorption edge jump
on the material to the weakest. The direct bandgap indicates the minimum photon
energy the pump beam must contain to perform a direct single photon absorption
from the valence band (VB) to the conduction band (CB). The SXR allowed tran-
sitions show the capability of detecting the induced electronic transitions around
the Fermi level by the pump pulse within the same species of element. Strongest
absorption edge jumps come from K, Ly 3, My s shells progressively in the atomic
case, but here their absorption depends on the compound and the available states in
the conduction band. Also the capability of measuring the absorption edge depends
on the number of photons at the corresponding energy edge.
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4 Attosecond transient X-ray absorption fine-structure spectroscopy

Layered Absorption edges Direct bandgap Allowed transitions
material energy (eV) VB — CB Al=+1
TiO, 164 Ti L2,3(460&454 eV) 3.02 eV Ti 2p — CB 3d-like
150 nm O 2p-like — Ti 3d-like
VO, 165 0.67 eV
(V205) 166 V L2 3(520&512 eV) (or 1.9 V) V 2p — CB 3d-like
100 nm O 2p-like — V 3d-like
VSe, 167 V L,3(5208&512 eV) 1.4 eV V 2p — CB 3d-like
100 nm Se M;(231 V) Se 4p-like — V 3d-like Se, 3s — VB 4p-like
InSe 168 > 1.65 eV In 3d — VB 5p-like
(In2Se3) % | In My 5(464&456 eV) (or from 1.3 eV to 1.8 V) Se 3s — VB 4p-like
70 nm Se M1(230 eV) Se 4p-like + In 5p-like— No transition to CB
Se 4s-like + In 5s-like
SnS 170 Sn My 5(493&484 eV) > 1.65 eV
50 nm S Li1(231 eV) S 3p-like — S 2s — VB&CB 3p-like
Sn 5s-like + S 3p-like
MoTey 11| Mo, My 3(412&:394 V) 1.23 eV
70 nm Mo My 5(231&227 €V) | Mo 4d-like 4+ Te 5p-like — Mo 3p —
0.75(Mo ;s_]tt(:))w‘zs(s VB&CB 4d-like
MoO5 172 Mo M3 3(412&394 eV) 2.98 eV
70 nm Mo My 5(231&227 &V) | O 2p-like — Mo 4p-like Mo 3p4:“¥eB&CB
MoS, 173 Mo M, 3(412&394 eV) 1.74 eV
40 nm Mo Ma5(231&227 ev) | 075(Mo :s_—llit:))+0-25(5 Mo 3p4:“¥eB&CB
S Ly(231 &V) - O'Q(Mgp‘_‘ﬂ;(:')‘e)”'l(s 25 —+ VB&CB 3p-like
RuQ, 174 Ru My 3(484&461 eV) Metallic
40 nm Ru My 5(284&280 eV) 0.9(Ru23';_pl—ilki|;§:£i-0.1(0 Ru 3"4:“\:5“8
0.3(Ru 4d-like)+0.7(0
2p-like)
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Table 4.1: Sorted layered samples suitable for time-resolved XAFS in the
water window. The materials are sorted by the strongest absorption edge jump
on the material to the weakest. The direct bandgap indicates the minimum photon
energy the pump beam must contain to perform a direct single photon absorption
from the valence band (VB) to the conduction band (CB). The SXR allowed tran-
sitions show the capability of detecting the induced electronic transitions around
the Fermi level by the pump pulse within the same species of element. Strongest
absorption edge jumps come from K, Ly 3, My s shells progressively in the atomic
case, but here their absorption depends on the compound and the available states in
the conduction band. Also the capability of measuring the absorption edge depends

on the number of photons at the corresponding energy edge.




4.1 Introduction to attosecond transient XAFS in condensed matter

Layered Absorption edges Direct bandgap Allowed transitions
material energy (eV) VB — CB Al=+1
ZrS, 175 Zr M1(430 &V) 1.7 eV Zr 3p — CB 4d-like
40 nm Zr My, 3(344&330 V) S 3p-like — S 25 — VB 3p-like

S L1(231 eV) Zr 4d-like
NbS, 176 Nb M; (466eV) Metallic
50 nm Nb Mas(376&361 &v) | 0220 221:?250'74(Nb Nb 3p — CB 4d-like

S L1(231 V) — S 2p-like + Nb 4d-like S 2s — VB 3p-like
NbSe, 177 Nb M (466eV) Metallic
50 nm Nb M 3(376&361 ev) |  O-2(5€ 351':2; 0.8(Nb Nb 3p — CB 4d-like

Se M1;(230 eV) — Nb 4d-like Se 3s — VB 4p-like
HfS, 178 Hf Nj,3(438&381eV) 3.6 eV Hf 4p — VB 5d-like
30 nm S Li(231 eV) S 3p-like + Hf 5d-like S 2s — VB&CB 3p-like
— Hf 5d-like
Ws, 171 W No 3(490&423¢V) 2ev Wap —» VB&LCB
' 5d-like
20 nm S Li1(231 eV) S 3p-like + W 5d-like — S 2s — VB&CB 3p-like
0.25(S 3p-like)+0.75(W
5d-like)

Table 4.1: Sorted layered samples suitable for time-resolved XAFS in the

water window. The materials are sorted by the strongest absorption edge jump
on the material to the weakest. The direct bandgap indicates the minimum photon
energy the pump beam must contain to perform a direct single photon absorption
from the valence band (VB) to the conduction band (CB). The SXR allowed tran-
sitions show the capability of detecting the induced electronic transitions around
the Fermi level by the pump pulse within the same species of element. Strongest
absorption edge jumps come from K, Ly 3, Mys shells progressively in the atomic
case, but here their absorption depends on the compound and the available states in
the conduction band. Also the capability of measuring the absorption edge depends
on the number of photons at the corresponding energy edge.

The more compounds a material has, the weaker the absorption jump at
the edge is and more challenging the XAFS measurement becomes. For exam-
ple, perovskite-type materials such us CayTaTiO19, BigTizO12, SroNb3O1p and
LaNbyO7 with thicknesses of 400 nm, 70 nm, 200 nm and 100 nm, respectively,
lead to a jump of around 10% at the titanium L3 3 and at the niobium Mj 3 edges
with a total transmission of only 50%. It is worth mentioning that although those
materials might contain strong absorption edges (L 3) due to the weak contribu-
tion of those elements in the material the absorption edge jump becomes weaker.

Other crystal materials such as SiC, SizNg4, InN, GaN, InGaN and InAs can

T



4 Attosecond transient X-ray absorption fine-structure spectroscopy

be obtained either by vapour depositing them on a thin substrate or by reducing
their thickness using an ion beam. The issue of vapour deposition is that it needs
a substrate with a flat absorption across the water window spectral region such
as Si, SiO,, Al,O3 GaAs, Cr or Al. This substrate must be thin and checked
to ensure that it does not change the electrical properties of the sample under
study. Another drawback of vapour deposition is that it typically leads to samples
with nano-crystalline domains that are oriented randomly across the probed sample
area, losing the possibility of orbital probing by changing the linear polarised electric
field projection onto the orbital. On the contrary, using an ion beam to reduce
the thickness of the bulk material can be time consuming since the reduction
can happen from a few micron to tens of nanometres across a the entire probed
sample which is desired to have a diameter of a hundred microns. In addition,
this sputtering technique is not suitable for composite materials since this process
might change the local composition of the sample.

Another feature to consider when choosing the sample under study is the
capability of inducing an efficient electron dynamic without requiring a strong pump
fluence. In semiconductors, this comes down to inducing single photon absorption
with photon energies slightly higher than the band gap energy. In metals other
electron dynamics such as intra-band electron density re-distribution are induced
which put no strict requirement on the pump photon energies. Moreover, the
sample must be stable, in other words, the sample properties must recover after
being pumped before the next pump pulse comes. At 1 kHz repetition rate of the
pump and probe pulses, the recovery must happen within 1 ms.

4.2 TiS,

Especially relevant in this context of layered materials for which titanium disulfide
(TiSz) is an example being a semi-metallic transition-metal dichalcogenide com-
pound, which exhibits high carrier mobility and energy storage capability 108:179.180
TiS, is of interest for solid batteries'®7183 and it is discussed as a platform for
ultrafast optoelectronic devices and field-effect transistors 184185
tailor the material’s conductivity'®®, and compressive strain can mediate a transi-
tion from metallic to an excitonic insulator phase'®”. To date, this array of possibly
trendsetting properties is widely explored despite the difficulties to gain insight into

the materials real-time and space electron dynamics.

. Intercalation can

Figure 4.1 shows the tri-layered structure of 1T-TiS, consisting of hexagonal
sheets of cationic Ti** atoms sandwiched between sheets of S atoms. The atoms
within the tri-layers (S-Ti-S) are covalently bonded while the tri-layers are coupled
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4.2 TiS

between each other by weak Van der Waals forces!"®.
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Fig. 4.1: TiS, structure. (A) Titanium atoms are sandwiched by sulfur atoms
to form TiS; layers with hexagonal symmetry. Each layer is coupled to each other
by Van der Waals forces. a = 3.36 A and ¢ = 5.70 A. (B) TiS,'s band structure
around the Fermi energy level (Ef) showing the tp, and ez band manifolds. Also
shown are the direct transitions from the maximum of the valence band to a flat
region of the conduction band.

Investigations of the material’'s properties triggered long-lasting controversies
from the 60’s to the 80's of whether the material is semimetallic or semiconduc-
tor161:188,189 * This discrepancies came mainly due to impurities on the material
that could shift the Fermi level up or down. Nowadays it is possible to obtain
TiSo much more purified leading of no such controversies. Recent theoretical and
experimental studies converge on the semimetallic behaviour with high anisotropic
properties of TiS, and its transition to semiconductor with the presence of ap-
plied pressure or strain179.180,185.187,190,191 = Consistent with these previous works,
Fig. 4.1 also shows the semi-metallic band structure of bulk 1T-TiS, calculated
from first principles in the framework of density-functional theory!92193

plemented in the all-electron full-potential code exciting®* (see Sect. 4.4). The

, as im-

hexagonal non primitive unit cell has the same reciprocal directions as the graphite,
shown in Fig. 3.2.

4.2.1 Sample growth

Single crystals of TiS; with low impurity concentration are grown by Chemical
Vapor Transport (CVT) of the prereacted stoichiometric material using iodine as a
transport agent. First of all, the polycrystalline material is synthesized by mixing in
a stoichiometric ratio powders of Ti (99.98% from Sigma-Aldrich) and S (99.98%
from Alfa-Aesar). The mixture is sealed in an evacuated quartz ampoule (P =~
5.107° mbar, length = 25 cm, internal diameter = 1.5 cm) and heated from room
temperature to 910°C at 5°C/min. Then, the temperature is kept constant for
9 days and cooled down naturally. Secondly, 4 mmol of the previous material is
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4 Attosecond transient X-ray absorption fine-structure spectroscopy

mixed with iodine as a transport agent ([I2] ~ 5 mg/cm?3) in an evacuated quartz
ampoule (P ~ 7-10~% mbar, length = 50 cm, internal diameter = 1.5 cm). The
ampoule is placed inside a three-zone furnace with the material in one side. The
other two zones are heated up from room temperature to 700°C at 4°C/min and
kept at this temperature for two days. After this, the zone with the material is
heated up to 750°C in 3 hours and it is established with gradient of 50°C between
the hot and cold zones. Then, the temperature is kept constant for 15 days and
cooled down naturally.

The obtained crystals are analysed by Inductively Coupled Plasma mass spec-
trometry (ICP), elemental analysis and X-ray powder diffraction (XRPD). The
percentage proportions of elements obtained is Ti: (43 £+ 2)% and S: (58 £ 1)%,
in good agreement with the expected ones (Ti: 42.7%, S: 57.3%). The refinement
of the X-ray pattern (Fig. 4.2) revealed a trigonal crystal system with a P-3m1
space group and a unit cell determined by o = 8 = 90 deg. and v = 120 deg. and
a=b = 3.4078(4) A and c = 5.6999(8) A, in good accordance with the values
reported in the literature!®.

001

101

Counts (arb. units)
102

T T - T —
10 20 30 40 50 60 70 80 80 100 110

Fig. 4.2: TiS; crystalline structure analysis. XRPD experimental pattern (black)
and corresponding fit (peaks in blue and background in green) for a TiS;, crystal.
For simplicity, the peaks position have been marked with red lines. The fit gives
as a result: a = b = 3.4078(4) A and ¢ = 5.6999(8) A, @ = B = 90 deg. and v
= 120 deg., trigonal crystal system with P-3m1 space group, x> = 1.9-107° and a
Snyder's figure of merit of 39.721%_ Inset: Photograph of a TiS, crystal.

4.2.2 Sample preparation

Since the grown single crystal is too thick for an X-ray absorption measurement
an ultra-microtome with a diamond blade is used to cut 150 nm thin sheets of the
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4.3 Attosecond transient XAFS in TiS

crystal with a surface area of several-hundred-micron diameter. These thin sheets
are mounted on a 3 mm-diameter 20 pum-thick TEM grid made of copper with
a square mesh whose pitch is 125 pm with bars 35 um wide. Thus, clear areas
of 90 um x 90 pum are accessible for measurements with a freestanding sample.
Figure 4.3(A) shows a microscope image of the TEM grid with a TiS; sheet.

Fig. 4.3: Assembly of the TiS, samples. (A) shows the TEM grid with a 150 nm
thin TiS, sheet mounted on top. (B1) shows the TiS, target on top of the TEM
grid mounted on the sample holder. (B2) shows the final assembly of two targets
with 100 gm ID disc mounted on top. (C) shows a view through the nickel disc
with the TiS; sample sandwiched between TEM grid and disc.

The TEM grid with the TiS, sample is then transferred to the sample holder
(Fig. 4.3(B1)) and a nickel disc with ID of 100 pum is placed on top over an area
of the TiS, sample which is homogeneous, flat and provided maximum clearance
between the TEM grid’s bars - see Fig. 4.3(B2). The disc also insures the maximum
spatial overlap between both pump and probe beams. The zoomed-in image in
Fig. 4.3(C) shows a view through the hole of the disc. Visible is the TiSy sample
and part of the TEM grid. The outer diameter of the disc is much larger than
any of the beams which ensures that only the 100 um hole transmits the pump
and probe through the sample. The disc has a thickness of ~ 20 um which is
sufficiently large to block any transmission of the SXR radiation. Furthermore,
since the sample is placed at the entrance-slit plane of the flat field spectrograph,
the disc hole defines the entrance slit of the spectrograph.

4.3 Attosecond transient XAFS in TiS,

Here, broadband soft X-ray attosecond-duration light pulses39:40

insight into the instantaneous response of the material to the external stimulus by
an electric field, and the subsequent charge carrier dynamics set in motion by the
light-field.

provide unique

AttoXAFS is used to interrogate the DOS in the complex material of TiS;
close to the Fermi level through X-ray-induced dipole transitions from localized
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4 Attosecond transient X-ray absorption fine-structure spectroscopy

Ti-2p core states (La 3 edge at ~ 460 eV) to non-fully-occupied bound states!®”
positioned in the energy band structure in the proximity of the Fermi level and to
the continuum. This attoXAFS is ideally suited for time-resolved measurements
as the method takes full advantage of the tremendous spectral bandwidth®® of
attosecond pulses in single-shot detection®. Another important aspect in disen-
tangling the contributions of the various constituents of composite materials is
achieving element selectivity 19819 which is realized with soft to hard X-ray pho-
tons driving transitions between well-localized core electronic ground states and
states in the conduction band manifold of a solid.

In this first implementation of sub-optical cycle time-resolved XAFS spec-
troscopy at SXR photon energies the potential of the methodology is demon-
strated by resolving the motion of charge carriers in real-time inside the complex
semi-metallic bandstructure of the binary transition-metal dichalcogenide material
TiSs.

Figure 4.4 illustrates the concept underlying the experiments. The angular
momentum character of the valence bands are a mix of sulfur p and s states,
while the conduction bands are predominantly titanium d states. The material's
semi-metallic character originates from the DOS at the Fermi energy consisting
predominantly of overlapping sulfur p states (valence) and titanium d states (con-
duction) at the L point. The attosecond SXR pulse’s spectrum comprised photon
energies ranging from 200 to 550 eV, which permits accessing the 2p core states
in Ti with a binding energy of 458.4 eV (2p3/,) and 465.5 eV (2p;/,) and hence
a direct interrogation of the dipole-allowed core-level transition into conduction
band states of predominantly Ti-3d character.

In the experiment, linearly-polarized, isolated sub-300-as-duration SXR pulses3?:40,

their duration corresponding to ~ 1/20th of the optical cycle of the IR pump field,
are used at 30 deg. incidence with respect to the basal plane normal of a 150
nm-thin, free-standing, mono-crystalline 1T-TiS, membrane to sample the entire
k-space. The transmitted spectrum is acquired at once using a dispersive X-ray
spectrograph, (see Sec. 1.2 for more details on the SXR detection).

For the time-resolved experiment, charge carrier dynamics are stimulated by
irradiating the material with a CEP-stable sub-2-cycle-duration (12 fs at FWHM)
laser pulse at a centre wavelength of 1.85 um (0.6 €V). The pump pulse is a
low-energy replica of the CEP-stable high-energy pulse that produces the isolated
attosecond SXR pulse through high harmonic generation. The pump pulses are
synchronised with the attosecond SXR pulses using a linear stage with sub-nm
resolution3940:74 More details of the setup are described in Chap. 1, Sec. 1.3
where the sample is tilted 30 deg. from the basal plane respect to the SXR beam.
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4.3 Attosecond transient XAFS in TiS
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Fig. 4.4: Attosecond transient X-ray absorption spectroscopy on TiS,. (A) A
sub-2-cycle 1.85 um pump pulse stimulates carrier dynamics inside a 150 nm-thin
TiSy crystal (sketched are two layers), which is probed by a sub-300-as-duration
SXR pulse in small-angle non-collinear geometry. (B) shows the relevant band
structure of the TiS, semimetal together with IR induced excitation pathways and
the accessible core transitions. The attosecond SXR pulse invokes L 3 transitions
from titanium 2p core orbitals into conduction band states which are predominately
of Ti-3d character.

The pump beam is incident with a slightly non collinear angle with the SXR beam
onto the sample at 26.3 deg. with respect to the basal plane normal. The refractive
index of TiSy is highly anisotropic for fields along the x and z axes which are the
axes along and perpendicular to the sample plane, respectively. Three different
literature values are taken 189200201 for the different refractive indexes to calculate
the resulting refractive index along the relevant propagation direction inside the
material. Since the computed values range between 4.97 to 5.01 and 5.70, a mean
value of 5.2 4+ 0.3 is considered. Using this value for propagation at 1.85 um and
n =1 at 460 eV, the 1.85 um pump beam is calculated to propagate at 5.5 degree
off the surface normal inside the material while the SXR beam does not undergo
any significant refraction.

The spectrum of the sub-2-cycle pump pulse spans photon energies ranging
from 0.5 to 1 €V capable of driving single photon transitions between valence
and conduction band states separated at the I point by 0.23 eV. To determine
the excitation field strength, we measure the energy of the pump at the target
location. Due to several reflections on silver-coated mirrors the energy is reduced
to (4.8 = 0.5) uJ. Since propagation occurred entirely under vacuum, we assume
the measured pulse duration of 12 fs at FWHM which, together with the measured
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4 Attosecond transient X-ray absorption fine-structure spectroscopy

beam profile, yields an estimated vacuum peak intensity at the target of (8.4 +
1.7)-101 W/cm?. Based on the refractive index values, the Fresnel losses at the
interface of (51 4 2)% reduces the peak intensity to (4.1 + 0.8)-101 W/cm? or
an excitation field strength of (0.077 + 0.008) V/A inside the material. This field
strength inside the material corresponds to an excitation of approximately 0.03
electrons per unit celll*].

4.3.1 Static attoXAFS at the Ti L, 3 edges

First of all, a static attoXAFS measurement at the Ti Ly 3 edges, i.e. unpumped
and non-time-resolved, is carried out to compare it with theory as well as with mea-
surements performed using synchrotron radiation in the BL29 BOREAS beamline
at the ALBA synchrotron in Barcelona, Spain. Although a more accurate com-
parison between attoXAFS and XAFS using synchrotron radiation is shown in the
previous section 3.3.2, here the acquisition of the attoXAFS data is presented.
The capability of resolving Ly and L3 edges of titanium in the TiS, material is also
demonstrated. Figure 4.5 shows the raw spectrograph image of the SXR radiation
through the sample with a 150 nm thick TiSy which can be compared with the
signal acquired in the spectrograph without a sample shown in Fig. 1.5, Chap. 1.
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Fig. 4.5: Dispersive attoXAFS measurements with the spectrograph on
TiS,. (A) shows the vertical extent of the SXR beam on the spectrograph camera
after being transmitted through the TiS; sample. (B) and (C) compare the beam
divergence and beam spectrum, respectively, of the SXR beam with (red) and
without (blue) being transmitted through the sample. Immediately visible is a
reduction in the overall SXR counts and also a sharp drop of the SXR counts above
the Ti L edges. Clearly visible is residual carbon absorption at the k-shell edge at
284 eV.

! Absorption coefficient used for the calculations is taken from Ref. Feldkamp et al., 19792°%,
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4.3 Attosecond transient XAFS in TiS>

The vertical spatial extent of the beam through the sample is reduced by the
100 pm pinhole from 1.3 mm to 0.72 mm. The attosecond SXR spectrum with a
width of 195 eV is affected by the absorption response of the TiS, compound. Still
visible is the ubiquitous absorption at the carbon K-shell edge at 284 €V originating
from small hydrocarbon contamination of the beamline due to the usage of turbo
pumps. Upon inserting the sample, the spectral transmission decreased and the Ti
edge became clearly visible. The spectrum is obtained by vertically integrating the
signal on the CCD camera chip. From both spectra (with and without the sample)
taking the ratio and logarithm, the optical density is extracted.

Figure 4.6 shows the XANES or NEXAFS at the Ti L, and L3 absorption
edges (corresponding to Ti 2py/2 and 2pg/; to 3d states transitions, respectively)
obtained from the attoXAFS measurement in addition to a measurement of the
TEY signal recorded at the ALBA synchrotron. The synchrotron measurement has
a much higher resolving power (>10000) and is based on a monochromatized SXR
beam of tunable energy which is scanned from 450 to 490 eV. Overlaid are cal-
culations using Bethe-Salpeter equation (BSE) with excitonic effects included?3.
The Ti** d° ground state makes it a particular case among transition elements:
its X-ray absorption spectrum across the L 3 edges becomes proportional to the
conduction band-DOS thus easing spectral interpretation. The attoXAFS spectra
is recorded in 8 min acquisition time. Both the TEY and calculated spectra are
shifted towards higher energies to match with the attoXAFS spectrum.

3
—— attoXAFS
TEY
— BSE theory
:; 2
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Fig. 4.6: Comparison between attoXAFS, TEY and theory. It shows the
attoXAFS signal of TiS; at the titanium L3 absorption edges measured simulta-
neously with the SXR attosecond pulses at normal incidence (blue). Overlaid are
the TEY (orange) measured at the synchrotron beamline and also the result from a
calculation (black) based on DFT 192193 ysing the Bethe-Salpeter equation (BSE)
with excitonic effects included?®3. The high resolution of the spectrograph allows
the L, and L3 edges to be distinguished clearly. The synchrotron spectrum is shifted
by 5 eV towards higher energies to match the attoXAFS spectrum.
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4.3.2 Data acquisition of attosecond transient XAFS

As previously shown, to attosecond time-resolve electron dynamics induced by the
pump pulse, this pulse is synchronised with the sub-300-as-duration SXR probe
pulse using a delay stage with sub-nanometre resolution and spatial overlap on
a 100 pm diameter sample. The SXR radiation through the sample is spectrally
resolved under the influence of the pump pulse.

The pump-probe delay is initially scanned in rough temporal steps of 1 to 3 fs
to establish the exact temporal location of the absorption signal. In the following,
a negative delay signifies that the attosecond SXR probe pulse arrives before the
pump pulse. Consequentially, a positive delay means that the material is excited
and the probe interrogates this excitation. We note that the zero-delay position
is arbitrarily chosen at the temporal overlap with the maximum intensity of the
pump pulse. The measurement proceeds by scanning over early delays in fine steps
of 100 as (at the start of the pump pulse) with the intention to resolve the build-
up of the material excitation. Later delays are scanned in steps of 200 as. The
absorption signal is integrated on the CCD camera over 6 min for the earlier (100 as
delay step) scan and 5 min for the later (200 as delay step) scans. At each time
step, the spectrum of the atto-SXR pulse is recorded twice before incrementing
the delay, first without the presence of the pump pulse and consecutively with the
presence of the pump. Although the CEP of the driving laser of HHG is actively
locked resulting in a constant spectral shape of the SXR spectra, recording the
unpumped signal at each time delay confirms that viewed changes come from the
pump influence and not from intrinsic spectral deviations on the source. Figure 4.7
shows pumped (A) and unpumped (B) transmission for the covered pump-probe
delay; blanked out are areas for which data is not recorded. The spectrograph
covered a photon energy range from 173 to 974 eV, and the relevant Ti L-edge
XANES within a window of photon energies ranging from 420 to 490 eV are shown.

To highlight changes at or around the absorption edge, we apply a local
regression using weighted linear least squares and a 2nd degree polynomial model
that assigns lower weight to outliers in the regression and also eliminates outliers
which deviate in value more than six times the mean value. Raw absorption spectra
(blue) together with the filtered ones (red) are shown in figure 4.8 at different time
delays.

It is worth noticing that in both the raw data and filtered data there is a
clear drop in transmission at energies above the absorption edge. However, the
distinguishability between the L, and L3 edges of titanium is only present in the
raw data. Filtering the spectra reduces the energy resolution to + 2 €V at 460 &V,
though highlighting the temporal changes. In addition, to compensate the lower
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Fig. 4.7: Measured transmission spectra for attosecond time resolved XAFS
in TiS,. Detected counts of the transmitted attosecond soft X-ray through 150 nm
TiS, as a function of the delay between pump and probe beam for 3 different scans
along the pump pulse. Positive delays correspond to the pump pulse arriving before
the SXR probe pulse. Ty is the reference signal without the influence of the pump
(A), and T pymped shows the pump influence on the sample (B). At each delay time
the spectrum is integrated over 6 minutes with a delay step of 100 as for the range
earlier than -5 fs, and integrated over 5 minutes with a delay step of 200 as at later
delay times.

signal to noise ratio (SNR) in the scan at the start, the transmitted spectra is
averaged over the previous and consecutive spectra as a function of the delay,
yielding to an improvement in the SNR at the expense of temporal resolution. The
resulting absorption spectra for the entire pump - probe delay scan are shown in
Fig. 4.9.

Figure 4.10 shows differential transmission filtered spectra normalized to the
static (unpumped) case, as a function of IR-pump attosecond-SXR-probe delay.
Immediately noticeable are strong oscillations in the differential transmission and

A -6.6 fs B ..+ 351 C ¢ 124fs

11000 — raw data
— filtered data 1.8

— raw data
— filtered data

— raw data
— filtered data
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Fig. 4.8: Spectral filtering of the raw data. Shown is the effect of filtering (red)
on the raw data (blue) for line-outs from the reference signal T shown in Fig. 4.7
at time delays of -6.6 fs (A), 3.5 fs (B) and 12.4 fs (C).
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Fig. 4.9: Filtered attosecond transient XAFS in TiS,. Shown are the unpumped
(A) and pumped (B) transmitted spectra with the spectral filter function applied
and temporal averaging from the raw data shown in Fig. 4.7.

values which turn positive (red) but also negative (blue) with twice the pump
laser's periodicity, 2w;. Note that positive and negative values report an increase
and a decrease in transmission due to the pump-laser-induced excitation of the
material, respectively.
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Fig. 4.10: Attosecond transient soft X-ray absorption and carrier dynamics.
Shown are the differential SXR filtered spectra as a function of pump-probe delay.
AT is normalized to the unpumped case Ty for each time delay. Clearly visible are
sub-cycle oscillations of negative and positive differentials.

The transmission of the attosecond SXR is chosen to be presented for the anal-
ysis and not the absorption as reflectivity is significant, (51 + 0.02)%, thus the
simple relation A = 1 - T would not be justified; A being the absorption. Consid-
ering dipole selection rules for the SXR core transitions from Ti-2p states, which
exclusively interrogate conduction band states (Ti-3d character), an increase of
electronic density (at a given k-point) would directly result in decreased absorption
or increased transmission due to Pauli blocking®*. Figure 4.11 shows the energy
position of the strongest changes induced by the pump pulse found at the middle
of the tr-XAFS scans. The AT /Ty changes are overlaid with the static XANES
spectrum of the titanium L 3 absorption edges previously shown in Fig. 4.6.
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Fig. 4.11: Energy decipher of induced temporal transmission changes. Shown
are the spectral position of the strongest induced changes of the pump pulse found
in the middle of the tr-XAFS scan. The XANES spectrum is overlaid to identify
the relative maxima or minima spectral changes which happen to be at the lower
energy part of absorption edge of the Ti L, 3.

The energy calibration of each measured section of the spectra has been
carefully validated by comparing the derivative of the unpumped absorption signals.
The position of the maximum of the derivative is related to the position of the
absorption edge jump. This position does not change along the measurement for
the unpumped signal. However, the applied filter is dependent on signal changes
above and below the absorption edge, leading to a slightly change on the position
of the maximum of the derivative signal as a function of time and depending on
the scanned range. Figure 4.12 shows the spectral derivative at different time
delays across the time-resolved scan for the raw data and the filtered data. To
apply a spectral derivative to the raw data, the data is first corrected with a gentle
smoothing over 10 energy pixels (< 1 eV) to avoid artefacts.
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Fig. 4.12: Spectral derivative of the transmitted signal. Shown are the spectral
derivatives for the raw data (A) and filtered data (B) (from Figs. 4.7 and 4.9,
respectively) around the absorption edge for 3 temporal delays. The delays are
taken at the start, middle and end parts of the atto-tr-XAFS scan.

Figure 4.13 shows the changes between the pumped and unpumped spectral
derivatives of the measured transmission. The main changes can be identified
around 456 eV, 462 eV and 467 €V. The changes at 456 eV are clearer in the
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differentiated signal ((0Tpumped/OE) - (0To/OE)), more clearly visible at the
middle part of the scan where the changes are maximum. The periodicity of the
positive and negative changes is again around 3 fs which corresponds to a 2w;
component. The changes at 462 eV and 467 eV are more visible in the divided
signal ((0Tpumped/OE) / (0To/OE)) where the oscillations are still visible but with
a much worse signal to noise ratio. Dividing the pumped signal by the unpumped

signal shows relative changes by highlighting changes where the absolute signal is
smaller.
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Fig. 4.13: Temporal changes in the spectral derivative of the measured trans-
mission. (A) shows the differentiated derivatives, ((0Tpumped/IE) - (0 To/IE)),
and (B) shows the divided derivatives ((O Tpumped/OE)/(0To/OE)). The derivative
is applied to the corrected raw atto-tr-transmitted data shown in Fig. 4.7. The main
oscillating changes at 2w, appear around 456 €V (prominent in the scanned section
at the middle part of the pump pulse), around 463 eV and 467 eV.

Thanks to the applied filter to the transmission, the spectral changes caused
by the pump pulse can be identified in time. Adding the spectra corresponding to
the time frames at the maximum change, minimum change and zero change, one
can get back the spectral resolution and be able to spectrally resolve the changes.
Figure 4.14 shows the average of these spectra and how a positive change appears
at 456 eV at delays of -3.5 fs, -0.5 fs and 2.5 fs, it becomes negative at delays of
-2.14 fs, 0.3 fs and 3.7 fs and disappears at delays of -1.3 fs, 0.2 fs and 3.2 fs.

Although the data has still a significant amount of noise, an overall signal
can be distinguished. There is a dominant positive change induced by the pump
spectrally averaging over the delays where the signal is expected to have a maxi-
mum change strength, seen in Fig. 4.14(A). The same happens with an expected
negative change and no change shown in Figs. 4.14(B) and 4.14(C), respectively.
This oscillating signal from positive to negative is found at the proximities of the
titanium absorption edges Ly 3. Here, it is indicated that the predominant changes
induced by the pump pulse are around 456 eV, 463 eV and 467 €V. This is in
agreement with the changes found in the spectral derivative from Fig. 4.13.
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Fig. 4.14: Transmission at delays with maximum induced changes. Shown is
the average over the raw data of the pumped and unpumped transmitted signal at
the positions where induced changes are maximum (A) at delays of -3.5 fs, -0.5 fs
and 2.5 fs, minimum (B) at delays of -2.14 fs, 0.3 fs and 3.7 fs, and zero (C) at
delays of -1.3 fs, 0.2 fs and 3.2 fs. A dotted black line is used as a guide to indicate
the spectral changes at 456 eV, 462.5 €V and 457 eV. Underneath the transmitted
signal, the divided T, mpeqd by To signal is displayed to show the relative spectral
changes.

Additionally, a more accurate frequency analysis of the filtered atto-tr-XAFS
data presented in Fig. 4.10 is conducted which is shown in Fig. 4.15. A clear 2w,
component of the oscillating transient absorption changes is found together with
a component oscillating at approximately three-times the pump laser frequency,
3wr. The 2w; component is connected to changes proportional to the amplitude
of the pump electric field whereas the 3w; component is possibly connected to the
onset of period breaking of the intra-band driven carrier motion ultimately leading
to the emission of high-harmonic radiation?2%.

The three atto-tr-XAFS scans that probe different parts of the pump electric
field are put together under 2 considerations: 1) the changes must be present
within 12 fs time delay and 2) the oscillations must be preserved with a 2w,
frequency component strongly shown in the middle part of the pump pulse where
the electric field amplitude is maximum. The first consideration is based on a
continuous scan performed across the entire pump probe temporal overlap. To
find the region of pump probe temporal overlap, different scans with course step
size between 1 and 3 fs are made. Figure 4.16 shows the spectral derivative of the
transmitted transient changes of this rough scan evidencing the envelope of the
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Fig. 4.15: Spectral frequency analysis of the filtered atto-tr-XAFS in TiS,.
(A) shows the normalized Fourier Transform (FT) of the time resolved transmission
changes (T pumped - To)/To (Fig. 4.10) which is spectrally decomposed. (B) shows
the integration of the FT across the oscillating transient spectra from 456.9 eV to
461.6 eV. The main frequency components appear at 2w;, where w; = 1 fs~1 is
the central frequency of the pump laser pulse which corresponds to 1.85 um central
wavelength. There is also a small 3w; contribution.

changes introduced by the pump pulse on the TiS; sample with a FWHM = (12
+ 4) fs. The derivative analysis is performed after filtering due to the low signal
to noise ratio of the rapid scan with coarse delay, but it allowed us to narrow the
temporal window for the high-temporal resolution measurement.

During the pump-probe scans the intensity of the pump is also recorded be-
fore and after being transmitted through the sample using 2 photodiodes. The first
photodiode is placed at the weak reflection of the Brewster window placed at the
entrance of the attosecond beamline, and the second one is placed in the imaging
system. Comparing both photodiode signals the influence of the SXR on the pump
signal could potentially be identified. This data is not shown here because it was
not conclusive in providing additional information due to the high noise contribu-
tion. There are 2 main sources of the signal fluctuations. The transmitted signal
through the sample is poor when it reaches the second photodiode, generating a
maximum voltage amplitude of 15 mV. In addition, the second photodiode sits on
the imaging system which is a non vibrational decoupled breadboard. This last
source of noise could be solved by measuring the transmitted pump signal through
the sample inside the vacuum chamber where the sample sits and sharing the vi-
bration decoupled breadboard. However, our lab is not equipped with a vacuum
compatible photodiode that can detect radiation at 2um.
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Fig. 4.16: IR-pump envelope printed in the absorption changes. (A) Spectral
derivative of the transmitted transient changes with a delay step of 3 fs and an
integration time of 6 min. (B) Integrated signal shown in (A) around the absorption
edge to show a FWHM of (12 £ 4) fs.

4.3.3 Inter and Intra-band dynamics

To get a first impression of the possible dynamics, the Rabi frequency and Bloch
oscillations are estimated for a field strength of (0.077 & 0.008) V/A inside the
material. While such estimation is overly simplistic, it nevertheless provides a rough
gauge which dynamics may dominate. The strength of intra-band charge transfer
is gauged by calculating the Rabi frequency according to

dchL

WRabi = =6.2- 10135_1, (4.1)

where % is the reduced Planck constant, d., = 8.478:1073% C-m is the dipole
moment in TiS; at the I point in the Brillouin zone (taken from our DFT calcu-
lation, described below in Sec. 4.4), and F is the electric field amplitude. Note
that the Rabi frequency is only dependent on the dipole moment and the field
amplitude but not on the photon energy and it entirely neglects the possibility of
tunneling excitations. The strength of inter-band charge transfer can be gauged
by calculating the frequency of Bloch oscillations according to

eF,a

WBloch = =4.0-10%s71 (4.2)

where e is the electron charge and a = 3.36 A is the effective lattice constant that
the impinging field probes for an incidence angle of 30 deg.

While clearly not being quantitative, the comparison between the Rabi and
Bloch frequencies provide a first hint at the dynamics. Rabi frequency is smaller
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than the Bloch frequency with the latter one being on a similar magnitude than
the optical frequency of the pump light, w; = 1-10'% s71. Intra-band dynamics
are expected to play a significant role and Rabi oscillations are negligible for the

pump field strength.

4.4 Theoretical approach

In order to obtain physical insight into the underlying carrier dynamics and the
link to the observed variations of the SXR absorbance (e.g. the origin of negative
values in the differential absorption) theory is required. In addition to an ab-initio
real-time time-dependent DFT (RT-TDDFT) calculation?®? within the adiabatic
local density approximation2%® which is performed with the SALMON (Scalable
Ab-initio Light-Matter simulator for Optics and Nanoscience) code package??’,
to disentangle the various concurrent inter- and intra-band contributions of laser
excitation, a time-dependent theoretical approach is developed by our group to de-
scribe the evolution of carriers in reciprocal space upon laser pulse excitation similar
to the well-known semiconductor Bloch equations, but with the inclusion of core-
level transitions by the SXR pulse. This core-state-resolved Bloch equation model
(cBE, described in Sec. 4.4.2) is used to mimic the experimental conditions which
we find to be accurately modelled by including the relevant three highest-occupied
valence band states and two-lowest-occupied conduction band states together with
the Ti-2p core states. The initial-state configuration and the relevant transition
dipole matrix elements are pre-calculated using density-functional theory (DFT,
described in Sec. 4.4.1)203:206:208

Figure 4.17 shows the result of our cBE simulation for the experimental param-
eters with simulated full resolution and also taking into account the spectrometer
resolution of 0.6 eV.

The good qualitative match between the measurement, Fig. 4.10, and calcu-
lations, Fig. 4.17(B), is further confirmed in Fig. 4.18, which shows the differential
absorption integrated over an energy interval of 5 eV where the changes are most
prominent (between 457 and 462 eV).

Positive induced transmission changes are related to relative maxima on the
electric field amplitude whereas negative induced transmission changes are assigned
to a zero pump electric field. Zero changes refer to the transition between positive
and negative changes. Validated by the good agreement between experiment and
theory, the cBE model enabled us to investigate how the laser-induced carrier dy-
namics modifies the core-level transition and thus allows utilizing the time-resolved
absorption spectrum to interpret key aspects of carrier dynamics inside the mate-
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Fig. 4.17: Calculated attosecond time-resolved XAFS. Shown are AT /T,
which are calculated using a time-dependent cBE model with DFT. The DFT is
used to determine the initial state configuration and the transition dipole matrix.
(A) shows the full resolution of the simulations and (B) accounts for experimental
spectral resolution. The model reproduces the measured oscillations as well as its
positive and negative differentials.
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Fig. 4.18: Calculated attosecond time-resolved XAFS. Compares the pump-
induced modifications of the SXR optical density integrated over a 5 €V energy
interval (from 461.6 eV to 456.9 eV) as observed in the experiment (red) with the
predictions obtained in the cBE model (blue) and shows good qualitative agreement.

rial.

In particular, the cBE model enables us to investigate the different contribu-
tions of the electron dynamics by selectively excluding the dispersion of the bands
to study solely inter-band transitions at a specific k-space position. The time-
resolved induced spectral changes that would be caused by the presence of the
IR pump pulse by only considering inter-band transitions are shown in Fig. 4.19.
These changes are directly connected to the transfer of electrons from the valence
to the conduction band at a specific k-space position which results in an increase in
the transmitted SXR radiation. Since a core-level transition (from Ti-2p to Ti-3d)
accesses conduction band states, this leads to a decrease of the SXR absorption
from Pauli blocking?®* due to the new excited DOS. Also shown in Fig. 4.19 are
the corresponding temporal evolution of the respective valence excitation calcu-
lated with the cBE theory (brown) together with the valence excitation from the
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RT-TDDFT calculation?® (blue).
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Fig. 4.19: Inter-band transitions contributions. (A) shows the calculated ab-
sorption spectrum (cBE model) considering solely inter-band carrier motion. The
spectra is normalized to the maximum absolute value of the full calculation shown
in Fig. 4.18(A). (B) quantitative prediction of the time-resolved valence excitation,
obtained from the cBE (brown) and the RT-TDDFT models (blue), in relation to
the pump field (red).

The signature of the population dynamics, which is dominated by inter-band
transitions, is an oscillation only towards positive values (red) in the absorption
spectrum and at twice the excitation laser frequency. The absence of negative-
valued (blue) excursions in the calculated absorption spectrum already hints at
the importance of intra-band transitions. In addition the overall effect of only
considering inter-band transitions is 10% of the total changes caused by allowing
inter- and intra-band transitions. This quantifies the idea that the main electron
dynamics are governed by intra-band transitions over the inter-band transitions. In
other words, the electron dynamics induced by the pump pulse are mainly electric-
field-driven instead of photo-driven.

Within this scenario, we can further disentangle the different signatures of
resonant and off-resonant contributions. While resonant inter-band transitions,
e.g. at the I point (0.23 eV), directly promote electrons from the valence to the
conduction band, off-resonant inter-band transitions are dominated by tunneling-
type excitations. Remarkably, we find that the optical response is governed by
a non-resonant transition scenario at the crossover between semiconductor and a
dielectric material behaviour®®, ie. at the k positions where the direct bandgap
is larger. The large spectral bandwidth of the excitation pulse accesses a much
higher DOS in the valence bands compared to the much smaller DOS of transitions
originating close to the Fermi level.

Additionally, we find that the excursion of the carriers in the reciprocal space
depends on both the field strength and the wavelength of the excitation laser.
Most importantly, the absorption spectrum, shown in Fig. 4.17, oscillates also at
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twice the excitation laser frequency and exhibits excursions to both positive and
negative values. This oscillation is a complex interplay of secondary contributions
from Pauli blocking, due to carriers that are promoted from the valence to the
conduction bands and preclude the excitation of core electrons, and a dominant
accumulated time-dependent phase of core electrons excited into the conduction
band. The accumulated time-dependent phase depends on the initial k-space
position at which the core electron is promoted into the conduction band, and the
light-field driven electron motion in the dispersive energy bands, resembling the
dynamical Stark shift in the time domain description of atomic experiments?'C.
Based on our investigation, we caution that the 2 oscillations are ubiquitous to
secondary tunneling excitations and to largely intra-band transitions.

In Fig. 4.20 the dipole response of the system is shown at three different time
delays between the attosecond X-ray pulse and the IR pulse, calculated with our
cBE model (see below, Sec. 4.4.2). A time-dependent phase builds up for time
delays in which the X-rays arrive to the system before or around the same time
as the IR pulse, however this effect vanishes when the X-rays arrives after the IR
pulse and after the decay of the core hole (around 3.0 fs19). This effect is a
consequence of the energy change due to the intra-band dynamics. Note that the
acquired laser-induced phase depends on both the intensity and wavelength of the
IR pulse as well as the energy dispersion of the probed band. By studying the
dipole response of the system at different time delays, we observe that the profile
is different, but indeed a time-dependent dephasing builds up.

A(Ii(t)

Dipole response (arb. units)
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Fig. 4.20: Dipole response of the system. Intra-band dynamics modify the
energy of the core-hole state created by the attosecond X-ray pulse. After X-ray
excitation at three different time delays with respect to the IR pulse, the induced
dipole response in time, Re[u(t)- cos(wxt)], is represented, where p(t) is the time-
dependent dipole response of the system and w, is the SXR central frequency
counting for the slow variant approximation. This approximation neglects the fast
oscillating contributions that oscillate at the SXR frequency.

An important aspect to interpret time resolved absorption spectra is the sig-
nificant modification of the absorption line shape of the core-level transition due

97



4 Attosecond transient X-ray absorption fine-structure spectroscopy

to the rapidly oscillating optical excitation field acting on the final state wavefunc-
tion. Figure 4.21(B) shows, in analogy with the atomic case?!!, that pump-laser
dressing of the core-state significantly modifies the field-free Lorentzian absorp-
tion line-shape resulting in the laser-dressed Fano-type line-shape?'1212. |n the
condensed phase however, such modification of the line-shape is significantly more
complex for the condensed phase since the Fano-phase is a function of reciprocal
space, as shown in Figs. 4.21(A) and 4.21(B). Due to the spectrograph’s limited
resolution of 0.6 €V, we are not able to directly resolve the sidebands and the
subtle modifications of the absorption spectrum, but the main features, such as
the positive and negative-valued excursions oscillating at twice the laser frequency,
are nevertheless clearly evident in Fig. 4.17(B).
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Fig. 4.21: Induced absorption line-shapes. (A) shows the band energy dispersion
along the I and M points and (B) associated soft X-ray absorption lines at four
points of the reciprocal space. The unpumped case is shown in blue and the red
curves show how the presence of the IR pump pulse alters the absorption line-shapes
from the unperturbed Lorentz-profile to a Fano-type profile.

Having investigated the predominant contributions of carrier dynamics to the
absorption spectrum, we exploit the element-specificity of the attosecond SXR
pulse?3 to examine the spatio-temporal flow of carriers inside the material. Here,
we use the fact that Ti-2p core-level transitions exclusively probe Ti-3d character
conduction band states, while the valence band is predominately composed of S-
character states. On the basis of the good qualitative agreement between theory
and experiment, this permitted leveraging the theoretical model to visualize the
oscillation of charge within the unit cell between the Ti and S atoms of the material.
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4.4 Theoretical approach

Figure 4.21 shows the time-dependent charge density oscillations and the DOS for
two field strengths computed using both the cBE and RT-TDDFT codes (code
details are shown in Secs. 4.4.2 and 4.4.3, respectively).
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Fig. 4.22: Spatio-temporal dynamics of the electron density distribution in-
side the unit cell. (A) At different moments within the electric field oscillation, the
difference of electron density is displayed with respect to the ground state (4 panels
showing the carrier density displacement within the unit cell). Increased and de-
creased density are shown in red and blue, respectively. The time-dependent differ-
ence shows a 2w; population increase at Ti-3d orbitals. (B) DOS and light-induced
occupation: RT-TDDFT computations observe the transition from a distribution of
occupied states within the DOS split in accordance with the pump pulse spectrum
(= 0.5 - 1 V) for the field amplitude of 0.07 V/A (occupied DOS in shaded red,
unoccupied DOS in red) towards a more distributed excitation profile extending
both into higher and lower energetic intervals of the valence and conduction bands
already for a peak field of 0.18 V/A (occupied DOS in shaded blue, unoccupied
DOS in blue).

Depicted is the change of the electron density distribution that displays only
a change with respect to the ground state (unpumped case), with red (blue)
isosurfaces indicating increasing (decreasing) density; the anisotropic distribution
of this charge-density difference reflects the hybridization between Ti-3d and S-
3p states. A clear charge depletion is observed along the bond and we find an
associated increase with electronic density on the Ti state with d-character. The
charge re-distribution occurs within a femtosecond over a distance nearing half the
distance between Ti and S atoms of 2.4 A with a frequency commensurate with
the half-cycle period of the IR pump laser. The charge re-distribution increases in
distance with the increasing field amplitude of the IR laser pulse, thus visualizing
the IR field-driven motion of charged carriers within the unit cell.

Interestingly, according to the RT-TDDFT computations at the low field am-
plitude of 0.07 V/A, used in this study, the excitation profile of carriers promoted
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4 Attosecond transient X-ray absorption fine-structure spectroscopy

into the conduction band DOS mimics the pump pulse’ photon energy spectrum
with transitions originating from valence band states just below the Fermi energy
into conduction band states approx. 0.5 - 1 €V above the Fermi energy. Clearly
discernible is also an energy gap between the depopulated valence and populated
conduction band states (shaded red and red distribution in Fig. 4.22(B), respec-
tively). While the temporal evolution of the electronic transitions confined to the
field crests of the pump light field resemble tunneling behaviour, the observed
confinement of occupied states spaced by one photon energy of the pump light
spectrum highlight that the observed effects indeed play out in the weak field
regime which is in accordance with a Keldysh parameter of 2.5%14215 For pump
pulse amplitudes 2.5 times higher (i.e. 0.18 V/A), carriers are promoted into more
energetic conduction band states and, surprisingly, also to states closer to the Fermi
level, that remain unpopulated for low field amplitudes. This significant redistribu-
tion of DOS (blue and blue dashed population distribution) further highlights the
concomitant occurrence of inter- and intra-band transitions even at modest field
strengths.

4.4.1 Density-functional theory (DFT) calculations of the electronic band struc-
ture and dipole matrix elements

The electronic structure of the system is computed from first principles in the
framework of density-functional theory'®!, as implemented in the all-electron full-
potential code exciting!?3. This computer package is based on the linearised aug-
mented plane wave plus local orbital (LAPW+LO) method and is able to accurately
treat crystal structure by applying periodic boundary conditions. The Kohn-Sham
equations!®? are solved on a 10x10x8 k-grid, using a plane-wave cutoff of G,y
= 5.5/Bohr for the basis set, where Gp,.x is the maximum of the reciprocal lat-
tice vectors G. Muffin-tin spheres of radius 1.45 Bohr and 2.00 Bohr are adopted
for sulfur and titanium, respectively. The generalized gradient approximation is
used for the exchange-correlation potential, employing the Perdew-Burke-Ernzerhof
parametrization2%l. Experimental lattice parameters a = 6.34 Bohr and ¢ = 10.77
Bohr (a = 3.36 A and ¢ = 5.70 A) are used to model bulk TiS,. Transition-dipole
moments for both valence- and the core-conduction transitions are calculated from
LAPW within the independent-particle approximation2%3.

The ground electron density is calculated as
1
o) = > lusk(r)? (4.3)
b,k

where the function upy is the Bloch orbitals that have the lattice periodicity for
each band index b and Bloch wavevector k. The time-dependent electron density
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used in Fig. 4.22 are calculated by first propagating the system with the cBE
model, extracting the occupation number for the different Bloch functions, and
computing again the electron density of the system.

4.4.2 Core-resolved Bloch Equation Theory (cBE)

In order to describe the dynamics of charge carriers of the system with the addi-
tional possibility to investigate the individual contributions to the absorption sig-
nal, a time-dependent theoretical approach is developed to account both for the IR
laser pulse excitation and for the SXR pulse excitation inspired in a previous time-
dependent Schrédinger equation (TDSE) for molecular inner-shell dynamics?1©
(Eq.(4.4)). The theoretical model is based on limiting the many-body wavefunc-
tion to those electronic states that contribute to the electron dynamics. Core-hole
states (m) are separated from those states that involve holes and particles around
the Fermi level shells (\):

00,0 =X [ dican(k liom) + 3 [ kot kN (44)
m A

where the wavefunction is expanded in a Bloch function basis, and a,, are the
corresponding time-dependent amplitudes. Now, by including this ansatz in the
TDSE, a couple of differential equations for the amplitudes are obtained, also
known as equations of motion (EOMs). From the EOMs it is possible to derive the
equations of evolution in a density matrix formalism and obtain a model similar to
the well-known Bloch equations for semiconductors?!’ but in this case we explicitly
account for core-hole states. The cBE model allows then the calculation of the
electron carrier dynamics in the reciprocal space accounting both for intra-band
and inter-band couplings. After X-ray excitation, core-hole states are coupled with
the IR laser pulse, and the X-ray response of the system is calculated beyond the
linear behaviour. The attosecond absorption spectra displayed in Fig. 4.17(B) are

calculated using the response function?18:

S(w) =2 Im{p(w)E*(w)] (4.5)

related to the cross section as o(w) = 4mawS(w)/|E(w)|?> where a is the fine-
structure constant, E is the Fourier transform of the electric field and the Fourier

transform of the dipole response of the system p(t) is given by
p(t) = qZ/dk%mA(k, t)dma (k) + c.c. (4.6)
Am

where @ is the electron charge and p,,) is the electron density matrix at each
band. The dipole matrix d,;) involves dipole transitions between the core orbitals
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4 Attosecond transient X-ray absorption fine-structure spectroscopy

and unoccupied orbitals near the Fermi level. Experimentally, the X-ray absorption
spectral changes are located around 460 €V, in the pre-edge region. In order to
model this region, the three highest occupied valence bands and the two lowest
unoccupied conduction bands are included in the cBE model.

The changes of the line-shape profile are related to the energy modifications of
the core-hole state after SXR excitation under the presence of the IR pulse. This
is easy to understand in the time-dependent dipole formalism that is developed
for describing the atto-tr-XAFS lineshape profiles of Fano resonances in atomic
systems?!?. The extension of this formalism to solid systems can be done by
writing the dipole response of the system as the sum of all dipole transitions in the
reciprocal space

1(t) /dK3 [b(K, t)e_;ft; It (Ec(K+A()~Ecn(K+AW))=iTen/2) C'C'} _

4.7

/dK3 {b(K, t)e(Ee(K)—Ean(K)—ilch/2)(t—to)—id(t to, K) 4. c.c.} “1
where E. stands for the energy in the conduction band, and E., stands for the
energy of the core hole state. The vector potential A(t) is related to the electric
field applied to the unit cell by E(t) = —0A/Jt. K is a change of variable K =
k — A(t) and b(K, t) is the re-defined time-dependent amplitudes. Note that the
Keldysh transformation is used, in which the quasi-continuum states are replaced
by the corresponding ones in the dressed picture when an electric field is present.
The vector potential A(t) is related to the electric field applied to the unit cell by
E(t) = - 0A/Ot. [ stands for the decay rate of the core hole state. The phase
is defined as

t
#(t, to, K) = —i/ dt’ [(Ec(K + A(t')) — Ech(K)) — (Ec(K + A(t')) — Ec(K))]
t
’ (4.8)
In general, the energy band of the core-hole state does not present strong de-

pendence with K. In the case that the vector potential is small, we can approximate
the phase in first order of perturbation theory

A(t') + 0(2)
(4.9)

ot to, K) = //tdt' [Ec(K +A(t) — Ec«(K)] = i/tdt/a%ff)

It is a good approximation to neglect the change of the energy dispersion of
the core-hole band with respect to the quasi momenta. Hence, this shows that the
dipole response acquires an additional phase that is induced by the IR pulse during
the core hole decay. This additional phase is known in atomic systems to influence
the lineshape profile of the atto-tr-XAFS spectrum, converting Lorentzian profiles
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0

into Fano profiles?19. Here, the phase dependence is summed over all K space,

and its effect is much more complex than in a simple atomic system.

4.4.3 Real-time Time-dependent Density Functional Theory (RT-TDDFT) cal-
culation

Time-dependent density functional theory (TDDFT) has been widely used to de-
scribe electronic excitations and optical responses of isolated and extended systems
at the first-principle level. Here, we employ a real-time TDDFT (RT-TDDFT)
to describe electron dynamics in a single-layer TiSy crystal, solving the time-
dependent Kohn-Sham equation in time domain. The RT-TDDFT has been widely
used to describe electron dynamics in atoms, molecules, and solids under irradi-
ation of intense and ultrashort laser pulses without any empirical parameters. In
the present application, we consider a spatially uniform, time-dependent electric
field along the 1T-TiS, crystal structure.

The time-dependent Kohn-Sham equation that describes electron dynamics
in a unit cell under a pulsed electric field is given by, assuming atomic units,

juk(rt) [ L A 4 Vit Vie + Vion| tie(r, ) (4.10)

ot 2m

where Vi, Vic and V., represent the Hartree, the exchange-correlation, and the
electron-ion Coulomb potentials, respectively. The function upy represents a time-
dependent Bloch orbitals that have the lattice periodicity. The label b refers to the
band index and k refers to the Bloch wavevector. For the electron-ion Coulomb
potential, we employ norm-conserving pseudopotentials, in which the 3s-states of
S atoms and the 3s,3d-states of Ti atoms are treated as valence electrons. We
use the Perdew-Zunger functional in the adiabatic local density approximation
(ALDA). We numerically solve the time-dependent Kohn-Sham equation by using
the SALMON code??”. The electron density in time is calculated as

p(r.t) = I\i bzk: |upk(r, t)[? (4.11)

The excited population of Fig. 4.19(B) is calculated by taking the changes
of the electron density in an integrated volume containing the Ti atoms. We
investigate the spatial distribution of the electronic excitations which contributes
to the 2w oscillation. For this purpose, it is convenient to separate the electronic
excitations into linear and non-linear components. This non-linear component
is obtained by subtracting the linear density change, which is predicated by the
response to the small perturbation field, from the total electron density change.
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We plot the non-linear component electron density change in Fig. 4.23. In the
ground state, the top of the bonding orbit is mainly formed by the 3p orbit and
has a small but not the negligible contribution from Ti(3d) e,-like orbit facing the
direction of S atoms. The optical excitation leads the transition to the to,-like
orbits corresponding to the red region. This region is orientating in the direction
apart from the S atoms to avoid the coulomb repulsing from the S?~. At the
same time, due to the decrease of the electron from the eg-orbit contained in the
bonding orbit, the blue region appears in Fig. 4.23(B).

Ground State

Top of View

.1

by = 6—+a  z—x

Fig. 4.23: Non-linear component of the TDDFT electron density distribu-
tion. Shown are the ground state (A) and charge profile at two characteristic times
t; (B) and tp (C). This times correspond to the dip and peak position of the va-
lence excitation in Fig. 4.19(B), respectively. The red- and blue- coloured regions
indicate the increase and decrease of the electron density, respectively.
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4.5 Investigation of spectral pump absorption femtosecond dynamics in
TiS,

Due to the broad bandwidth of the pump pulse, shown in Fig. 1.1, for the time-
resolved attosecond measurement, we undertake an investigation into the wave-
length dependence of electronic excitation and aim at identifying electron dynamics
inside the band structure. Moreover, in order to also establish an adequate pump
field strength well below the damage threshold, we undertake time-resolved mea-
surements of the IR absorption for a variety of pump fluences.

For our investigation on how excitation depends on pump wavelength, the
measurements are carried out with a different setup which provides spectrally tun-
able, and more narrowband, pump pulses in addition to probe pulses at a central
wavelength of 800 nm. The pump pulse’s energy tunability with a fairly narrow
spectral bandwidth of less than 40 meV, allows to energetically select the different
electronic transitions from the valence to the conduction band. The pump pulses
can be tuned to wavelengths from 1.5 um to 2.1 pum (see Fig. 4.24) which are
generated in a collinear optical parametric amplification (OPA) scheme, seeded
with a sub-40-fs, 800 nm output from a Ti:Sapphire laser. Overall, 4.7 W at
5 kHz are available from the Ti:Sapphire laser system from which a part of the
energy pulse is used. The OPA crystal's phase matching angle can be tuned to
change the central wavelength of the amplified idler or signal. The OPA's signal
can cover wavelengths up to 1500 nm whereas the idler reaches wavelengths above
1550 nm. Both, the 800-nm seed and the idler have p-polarization whereas the
signal is s-polarized. The OPA output yields pulse durations that are less than
80 fs and a maximum power of 40 mW at the sample is used.

The sample is positioned perpendicular to the propagation direction of the
800 nm probe beam and the 1.5 um to 2.1 ym pump beam is incident onto the
sample at an external angle of 17 degrees. In the sample plane the probe beam has
a measured beam size of 40 ym at FWHM and the pump beam is at least twice
as large with beam sizes of 88 um at FWHM for all wavelength expect for 1.5 um
which is 130 ym at FWHM. Pump fluences between 9 mJ/cm? and 11 mJ/cm?
are used.

The sample holder which is used in the experiments is shown in Fig. 4.25.
It consists of a 200 nm TiS, sample (mounted identically to the one displayed in
Fig. 4.3), a 100 nm VO, sample on a 100 nm SizNs membrane and a nickel disc
with 100 um aperture.

The bare nickel disc with 100 zm diameter hole is used to ensure that both
pump and probe beams overlap thereby ensuring accurate probing of the excitation
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Fig. 4.24: Spectral coverage of the narrow-band OPA. Shown is the idler
wavelengths accessible with the 800-nm-pumped OPA system together with acces-
sible signal wavelength. These spectra are overlaid with the CEP stable sub-2-cycle
pump spectrum (thick blue curve).

100 nmVO20n a disc of 200 nm TiS2 with a
100 nm SizNa 100 um ID  disc of 100 pm ID

Fig. 4.25: Sample assembly for the 1.5 to 2.1 yum pump and 800 nm probe
transient absorption experiments. Visible in the picture (from left to right) is a
VO, crystal with a thickness of 100 nm on 100 nm SizN4; membrane, a sole nickel
disc with 100 pum aperture, and a 200 nm thin TiS; sample situated on top of
a TEM grid with 90 um square-hole aperture and a 100 pm diameter nickel disc
which defines the probed area.

volume inside the material. The 800 nm probe beam has a fixed beam path and is
focused by a lens with 150 mm focal length to the plane where the sample holder
is placed. The disc’s centre orifice is moved towards the centre of the probe beam.
Afterwards the pump beam is positioned to maximize its transmission through the
disc's hole. After determining spatial overlap, the temporal overlap is adjusted.
To this end, the VO, sample is used since it exhibits a strong and well known
transient signal as response to pumping at 1.7 um wavelength. The pump fluence
is set to (11.8 #+ 0.3) mJ/cm? and the beam is chopped at a frequency of 413 Hz
to detect the response with a photodiode and a lock-in amplifier. This scheme is
used for all 800 nm probe measurements presented here.

Figure 4.26 shows that the transmitted signal through VO, decreased for
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positive delays, i.e. after the pump pulse. Subtracting the exponential decay fit
from the measured ring-down signal, the 5.7 THz phonon can be observed in
V0,219 which permits placing an upper limit of 87.7 fs on the cross-correlation
signal. The maximum signal response is chosen as zero delay marker.
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Fig. 4.26: Transient absorption in VO, as reference measurement. (A) shows
the transmission changes as function of pump probe delay (red curve). It exhibits
an ultrafast decay which can be fitted with a bi-exponential decay (blue curve)
with decay times of 109 fs and 12 ps. (B) Phonon oscillations are observed 80 fs
after the pump pulse maximum and a Fourier Transform (C) reveals the dominant
phonon mode at (5.73 £+ 0.05) THz.

Having ensured spatial-temporal overlap of the pump and probe pulses using
VO, the TiS, sample is investigated. Figure 4.27 shows the change in absorption
for a range of pump wavelengths ranging from 1.5 yum to 2.1 pum in order to mimic
the 2-cycle, 1.85 um pulse's spectrum.
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Fig. 4.27: Transient optical absorption in TiS,. Shown are time-resolved trans-
mission measurements for a range of wavelengths between 1.5 and 2.1 um and
pump fluence between 9 to 11 mJ/cm?. The measurements are overlaid with bi-
exponential fits of the decay curves. We find that pump wavelengths lower than
1.85 pum exhibit a fast rising transmission change that decays with an average time
constant of (110 + 20) fs. All pump wavelengths display a longer time decay of
(14 + 4) ps (on average).
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The time-resolved transmission for wavelengths ranging from 1.5 to 2.1 um
uses fluences ranging between (9.0 + 0.2) mJ/cm? and (11.0 & 0.4) mJ/cm?.
Increasing the fluence further, e.g. to (11.8 & 0.3) mJ/cm? at a wavelength of
1.7 pum, results in irreversible behaviour and, thus, indicates the damage threshold
of the material.

Overall, we observe a wavelength-dependent change in transmission. We find
that wavelengths between 1.5 and 1.9 um result in a fast rise of transmission
followed by an initial ultrafast electronic decay with an average time constant of
(110 £ 20) fs and a later, slower, decay with a time constant of (14 £ 4) ps.
Wavelengths of 1.9 um and longer exhibits a markedly different behaviour since
the initial ultrafast recovery entirely disappears. The recovery of all wavelengths
will be finally limited by transverse thermal diffusion. The difference in dynamics
could come from low photon energies exciting electrons in the conduction band,
whereas the higher photon energies also excite electrons across the band gap.

4.6 Conclusion

Attosecond SXR pulses are ideally suited to harvest the full potential of XAFS to
interrogate charge dynamics in real time, thereby providing unprecedented insight
into the inter- and intra-band motion of carriers inside a material. We observe
that light-driven electron dynamics in TiS, close to the Fermi level lead to an
unexpected modified X-ray-absorption line shape with an increase of absorption in
the core-level photo-electron excitation to the conduction band.

Important for the interpretation of attosecond transient XAFS measurements,
even for small pump-field strengths, are the inclusion of pump-field induced line-
shape modifications from Lorentzian to Fano-type due to an acquired dipole phase
response of the absorbed SXR radiation induced by the consecutive arrival of the
IR pump, which demonstrates the realization that field-driven intra-band dynamics
appear dominantly over inter-band dynamics.

The induced dipole phase changes accumulate during the lifetime of the core-
hole excitation. Using SXR radiation brings access to core-level electron excitations
which have femtosecond core-hole decays'?® allowing sub-cycle laser-induced elec-
tron dynamics to be resolved.

Moreover, the element specificity of attoXAFS permits, in combination with
theory, to visualize the flow of charge amongst the atoms inside the unit cell in real
time. Such precise knowledge may be the key to enable tuning material properties
through intercalation in which the distance to the host atoms may be tailored to the
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dynamic properties of the wavefunction’s excursion. Furthermore, the combined
spatio-temporal capabilities of atto-tr-XAFS may prove decisive to investigate the
correlated motion of carriers in quantum materials and to re-examine long-standing

220,221 221

questions for phase-transitions and superconductivity in layered materials
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5 Summary and Outlook

In this thesis we make use of the demonstration of the generation of isolated
attosecond pulses in the soft X-ray regime covering the entire water window with
pulse durations shorter than 300 as. Such a source is used to explore its own
development, the spectroscopic capabilities of the pulses and the spectroscopic
differences with existing X-ray sources as well as to exploit the potential of the
provided extraordinary temporal resolution. These capabilities lead to three main
experimental findings presented in this thesis that provide insights into chemical
and physical processes that occur on the attosecond timescale.

In Chap. 2, the macroscopic characteristics of a controlled tunable HHG source
in the SXR regime are determined which is vital for the development of attosecond
sources with spectral flexibility. We generate attosecond SXR radiation that is
tuned to around 150 eV across the water window by changing either the z po-
sition of the HHG target with respect to the focal plane of the driving laser by
500 psm or the maximum pressure at the interaction region by 3.5 bar. Simulations
subsequently correlated both macroscopic changes, pressure and z position, to a
change in phase matching between the driving laser pulse and the generated HHG
radiation that is mainly caused by a change in the ionisation fraction. These phase
matching changes are comparable to a CEP change of the driving laser field.

Accurately measuring the pressure distribution along the HHG target and the
beam propagating wavefront enables an in-depth study into the phase matching
conditions of our SXR laser pulse. One method to measure the pressure distribution
inside the target is through interferometry by using a transparent HHG target. The
transparency could be provided by an acrylic tubing that could be drilled with the
laser directly. However, the pressure distribution will still have a large uncertainty
since small fluctuations on the geometry, especially on the hole apertures, can lead
to a significant discrepancy of the pressure distribution used in the experiment.
Another parameter that significantly influences the phase matching conditions is
the aperture of the iris positioned at the driving laser beam path 2 meters before
the HHG target. This aperture controls both the maximum energy of the driving
laser on target and the beam profile of the driving laser that propagates across
the interaction region. By installing a controlled and reproducible variation of the
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aperture, one could establish a relationship between the pulse energy and beam size
as a function of the aperture, which could subsequently related to the spectrum of
the generated attosecond pulse. Consequently, our beamline provides capabilities
to measure the SXR spectral beam profile as a function of any phase matching input
parameter. Such capabilities will enable future investigations into experimentally
determining the cutoff energy that could be realistically reached.

In Chap. 3 the attosecond SXR source is used in an X-ray absorption spec-
troscopy technique, XAFS. Our XAFS studies enabled the simultaneous probing of
EXAFS and XANES in graphite providing element specificity and orbital sensitivity
with identification of the ¢* and 7«* orbitals in synchronicity with the material's
four characteristic bonding distances. This illustrates the potential capability of
correlating electron dynamics with structural dynamics with attosecond resolution
being able to resolve charge migration, electron-phonon coupling and structural
transitions. Our XAFS investigations also revealed spectral changes in graphite
and TiS, as a consequence of the shorter attosecond pulse relative to a picosecond
pulse that are typically used in synchrotron facilities. These differences are poten-
tially related to induced electron and vibrational dynamics due to the synchrotron
long pulse duration. An extended theory is still required to link AES, TEY and
XAFS using synchrotron radiation with attoXAFS to decouple the different elec-
tron dynamics involved on each of the measurements. This study could point out
the limitations and advantages of either using synchrotron radiation or attosecond
pulses.

In Chap. 4, the attosecond pulses are employed with their full potential of
XAFS to interrogate charge dynamics with unprecedented temporal resolution in-
side a compound quasi-2D material, semimetal TiS,. We observed that the shape
of the X-ray absorption line changes from a Lorentzian distribution to a Fano-type
distribution oscillating with twice the pump electric field frequency, and appears
due to an acquired dipole phase response induced by the consecutive arrival of
the IR pump. This demonstrates that field-driven intra-band dynamics appear
dominantly over inter-band dynamics. We have successfully resolved the sub-cycle
laser-induced electron dynamics due to the fast decay of the core-level electron
excitation within a few femtoseconds'?®. SXR radiation also provides element
specificity of attoXAFS which permits, in combination with theory, the visualisa-
tion of the flow of charge amongst the atoms inside the unit cell in real time.
The combined spatio-temporal capabilities of atto-tr-XAFS may prove decisive in
the investigation of the correlated motion of carriers in quantum materials such as
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phase-transitions and superconductors

Future work utilizing the high-resolution capabilities of our attosecond X-ray
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beamline could include the combination of the simultaneously probing of electri-
cal and structural conformation in graphite via atto-tr-XAFS. This will permit the
in-situ identification of electron and structural couplings like electron-phonon cou-
pling. Inducing electron excitations would lead to an initial distortion of the DOS
expected to differ the pumping photon energy between the valence and conduc-
tion bands??2. The atto-tr-XAFS spectra is expected to show spectral differences
at the absorption edge that also differ the pumping photon energy. Hence, the
higher the pump photon energy, the easier to spectrally resolve the induced dy-
namics. Following this requirement, it would be preferable to pump the graphite
sample with a 800 nm pump pulse instead of a 1.85 um pulse. Chap. 1 details
two experimental setups with either a CEP-stable 800 nm pump to probe sub-cycle
dynamics or a 800 nm pump with a fine tuned fluence to study the graphite re-
sponse at different pumping intensities. It is worth noticing that in-plane optical
excitations promotes electron density close to the Fermi level by a m — 7* state
transitions!”. However, in-plane SXR radiation accesses the 1s — ¢* transition
instead of 1s — 7*. Tilting the plane of the same to 45 deg. with respect to the
SXR linear p-polarisation would still allow the 800 nm pump pulse (either in-plane
or at 45 deg. out of plane) to excite electrons from 7 to 7* and the SXR radiation
would be able to access the induced dynamics through the 1s — 7* transition.

In addition, by monitoring the transmitted IR spectrum, one could infer the
effects of the attosecond SXR radiation on the energy levels close to the Fermi
level. For example, shift of the energy bands due to the core-hole relaxation and
Auger electron emission could be investigated.

In summary, this thesis has demonstrated unprecendented capabilities of at-
tosecond pulses in the soft X-ray regime used for X-ray absorption spectroscopy
measurements to resolve electron dynamics close to the Fermi level with element
specificity.
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