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8 We investigated experimentally as well as theoretically the ultrafast response of the wave function of the
1 9 conduction band (CB) of Si and Zr to a near-infrared laser field using extreme ultraviolet (XUV) absorption
10 spectroscopy in the spectral range of 80-220 eV. The measured dynamics of the XUV transmission demonstrates
11 that the wave function of the CB follows the electric field of the dressing laser pulse. In these terms, laser dressing
12 was earlier mainly studied on gases. Measurements with two-femtosecond and 200-attosecond temporal steps
13 were performed in the vicinity of the Si L, 3 edge near 100 eV, the Si L, edge near 150 eV, and the Zr M, 5 edge
14 near 180 eV. The observed changes were dependent on the core states being excited by the XUV probe pulse. At
15 the 2p to CB transitions of Si, the XUV transmission increased via the effect of the dressing laser pulse, while
16 at the 2s to CB transition of Si and the 3d to CB transition of Zr, the XUV transmission decreased. Furthermore,
17 beats between the transition from 2p; » and 2ps3, levels of Si and from 3d5,, and 3ds, levels of Zr were observed
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with 20.7 fs and 3.6 fs periods.
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I. INTRODUCTION

Time resolved x-ray absorption spectroscopy (XAS) and
transient absorption spectroscopy has an old tradition and
modern importance. Authentic experiments with highest and
highest resolution guide us within the sometimes ambiguous
maze of the theoretical predictions. With experimental support,
adeeper understanding of the electronic properties of materials
and the underlying processes of light-matter interactions can
be gained to develop faster electronics and optical detectors
even up to PHz frequencies [1], with also a strong binding to
chemical physics and chemistry.

The spectroscopy of laser-dressed materials is a unique
branch within x-ray spectroscopy. It measures the response of
the electronic system of materials to the field of the pump
laser itself [2] without electron excitation and subsequent
absorption of the pump. Consequently, it provides information
about the processes within an optical period of the laser pulse
with femtosecond and subfemtosecond temporal resolution
[3]. Theoretically, it is described as the manipulation of
the electron-wave-packet dynamics of the unoccupied and
occupied electronic states of the material [4].

For atomic and molecular gases such as argon [5], neon
[6], helium [7,8], N, [9], Br, [10], and hydrocarbons [11],
many brilliant experimental testimonial results occur. They
probed mainly valence electrons and exited them to levels
near the ionization threshold with extreme ultraviolet (XUV)
probe in the range of 10, 20 eVs. Core-level excitation as
probe [3,12—14] were the subject of fewer studies. Besides
the change in absorption, Stark shift in He [15] and Ar [5],
Rabi oscillations [16] in Ne, line broadening [5], and quantum
beats [17,18] were recognized in the recorded XUV or photo-
electron spectra.

Besides the basic processes and interactions in atoms
and molecules, understanding multiparticle correlation and
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associated phenomena in solids is a key factor in material
science. In our paper, we demonstrate the laser field dressing
of solid Si and Zr thin films and examine them with core-level
transient absorption spectroscopy. Time resolved spectroscopy
of Si L-edge near 100 eV was the subject of pioneering
studies, reaching nanosecond [19] and later picosecond [20]
temporal resolution. As short as 20 fs temporal resolution
was achieved at the L-edge [21,22] and at the K-edge (near
1.8 keV) in Si, [23,24] and laser-excited phonons, and the
dynamics of interband electron excitations were measured.
Attosecond-scale temporal resolution was demonstrated in
SiO, dielectrics [25], where the application of the suitably
high laser intensity beyond the critical field strength injected
electrons into the conduction band (CB). In other experiments,
interband electron excitation dynamics was resolved in subcy-
cle resolution in Si [26] in a wide bandgap semiconductor of
GaN [27], and photo-induced charge transfer was examined in
Co304 [28] with transient XUV spectroscopy. In spite of these
achievements, the yet unexplored phenomena in molecules and
solids offer abundant challenges for scientists.

In the present paper, we examine thin Si and Zr films
dressed by the near-infrared (NIR) pulses of a Ti:sapphire laser
system. Contrary to earlier studies, which were focused on
understanding electron excitation [25—27] or charge migration
[28], our aim is to observe the effect of the laser electric
field on the CB. For detecting the changes on the CB wave
function, the delay dependence of the XUV transmission
from different core levels to the CB is measured, namely,
the 2p and 2s to CB transitions of Si in the vicinity of
100 eV and 150 eV, respectively, and the 3d to CB transitions
of Zr in the vicinity of 180 eV. Both the slow change in
transmission caused by the envelope of the dressing laser
pulse, the fast change due to its electric field carrier, and the
quantum beats with 20.7 fs and 3.6 fs periods between the
transitions from 2 py , and 2 p3 ; levels of Si and from 3d3, and
3ds, levels of Zr are studied. Furthermore, we demonstrate
that the above-mentioned changes in the XUV transmission
caused by the laser dressing can be distinguished from the
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FIG. 1. Experimental setup. A concentric mirror pair was used for pump-probe spectroscopy. The inner mirror was movable for adjustable
delay and served as the NIR pump. In the focus of the outer mirror [beam profile of inset (b)], high harmonics were generated [beam profile of
inset (c)] for XUV probe with spectra [inset (d)] after two sets of thin foils of Zr+Zr or Si+Zr, as indicated.

ones caused by the generated optical phonons and electronic
excitations.

II. EXPERIMENTAL SETUP

The laser pulses of a Ti:sapphire laser system (pulse
duration: 35 fs ; central wavelength: 805 nm; repetition rate:
10 Hz) were loosely focused with a concentric mirror pair (see
Fig. 1). The inner mirror (having a focal length of 1500 mm)
focused the 7 mJ/pulse part of the laser beam at 500 mm
before a gas jet. The gas jet was made from a metal tube
with diameter of 3 mm. A hole with diameter of 1 mm was
drilled perpendicular through the tube, and the tube was placed
perpendicular to the laser beam (see Fig. 1). One end of the
tube was closed, and from the other side, it was filled with
Ne gas with adjustable pressure. Some part of the central laser
beam passed through the 1 mm diameter hole in the jet and was
illuminated with a 5 mm diameter surface of the examined foils
of 50-nm-thick Si or 200-nm-thick Zr with a peak intensity
of ~1.5 x 10" W/cm? (~1V/nm). This served as pump or
dressing and altered the electronic configuration of the thin
foil (see Fig. 1). The outer mirror, having a focal length of
2000 mm, focused the beam into the gas jet, which served as
high harmonic source to produce the trains of ~200 attosecond
pulses for the probe [29,30]. The optimal laser intensity for
the source was adjusted with a motorized aperture. The outer
mirror produced a ring structure distribution at the focus
with a well distinguishable intense central beam part. This
central beam part had a diameter of 110 yum and contained a
~8 mJ /pulse part of the laser beam, giving a peak intensity of
~1.5 x 10" W/cm?, expecting the Gaussian pulse shape. A
300-nm-thick Zr foil was used between the XUV spectrometer
and the HHG source chamber, with the purpose of separating

the vacuum and adequately blocking the laser beam and the
low energy part of the XUV beam. While the calculated cutoff
energy of the harmonics was ~300 eV, the measured spectra
extended to about 230 eV, as can be seen in the inset of
Fig. 1(d), and it was limited also by the transmission of the
Zr foil. The beam profiles of the laser beams in the focus
of the mirrors and the ones of the harmonic XUV beam at
the entrance of the XUV spectrometer were measured and
are plotted in the insets of Figs. 1(a)-1(c), respectively. Two
measured XUV spectra are also shown in the inset of Fig. 1(d),
which correspond to the two different filters inserted into the
XUV beam in the case of a Ne backing pressure of 1.6 bars.
The blue line is the spectrum with the Zr foil (Zr+Zr) and the
red one with the Si foil (Si+Zr). The measured XUV spectra
extend from ~70 eV to ~230 eV. Also in the inset of Fig. 1(d),
one can observe that the transmitted XUV spectrum after the
Si foil was stronger before the Si L-edge (100 eV) and after the
Zr M-edge (180 eV), as can be expected from the calculated
transmission curves of the foil combinations. The concentric
mirror pair ensured the accurate delay between the probe and
pump pulses, which was changed by moving the inner mirror
with 0.2 fs accuracy.

III. EXPERIMENTAL RESULTS

A. Studied process

In this paper, we examine thin solid foils by XAS.
For the pump-probe experiment, thin Si and Zr foils were
chosen because they have suitable absorption edges within
the generated XUV probe spectral range of 70 eV to 230 eV
[Fig. 1(d)], namely the Si L, 3 edge at ~100 eV, the Si L, edge
at ~150 eV [31,32], and the Zr M4 5 edge at ~180 eV [32].
We were hence able to study electron transitions from the 2 p,
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FIG. 2. Electron transitions were examined from the (a) 2p, (b) 2s, and (c) 3d core levels of Si and Zr to the conduction band (CB) near

100 eV, 150 eV, and 180 eV, respectively.

2s, and 3d core levels to the CB of Si and Zr, as presented in
Fig. 2.

The foils were illuminated with short x-ray pulses in the
XUV spectral range with energy suitable to move a core
electron to an unoccupied level of the CB, as presented in
Fig. 3. The transmitted XUV signal can be written in the
usual form T = e %4 where T is the transmission, o,
is the absorption cross-section of the material at the XUV
wavelength, n, is the atomic density, and d is the thickness
of the material. The solid film was also illuminated by NIR
laser pulses from a Ti:sapphire laser. The field of the NIR laser
pulses modified the transmission of the XUV beam by altering
the absorption cross-section. The resulting small change in the
transmission can be expressed as

oT

90y |y

AT ~ Ao, = —Ton.dAc,, 1

with Ty being the field-free transmission. In our time resolved
experiment, the change of the transmission A7(t) via the
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FIG. 3. Visualization of the core electron excitation within a laser-
dressed solid. The laser field modifies the periodic potential and the
wave function of the CB from the original (gray solid lines) to the
dressed (dashed red lines). Consequently, the probability of the XUV
pulse induced core — CB transition changes. Note that the scaling of
the laser field and the XUV field was modified for a better visibility
because even the wavelength of the XUV field is much larger than
the distance between the atoms.

2

Energy

delay (7) between the NIR and XUV pulses was measured.
This change can be understood theoretically by means of
the change in the absorption cross-section Ac,(t). The laser
field polarized the material, which means that the laser field
modified the originally symmetric periodic potential (thin gray
line in Fig. 3) to an asymmetric one (thin dashed red line).
Consequently, the wave function of the electronic level in the
CB (thick gray line) was appropriately modified (thick dashed
red line). Because o, depends on the wave functions of the core
and CB levels, a change of the transmission can be obtained
[see Eq. (A18)] in the Appendix for a detailed description):
AT; ~ £T;Iy(t)sin*(woT)cos*(Q1). )

In Eq. (2), the index j = 2p, 2s, or 3d represents the core
electron levels involved in the electron excitation (see Fig. 2).
The sign (4) corresponds to the 2p — CB transition and
the sign (—) is valid for the 2s — CB and the 3d — CB
transitions. T; = T} ,,—cp is a constant that depends on the
material and the involved transitions as it is defined in the
Appendix.

As seen in Eq. (2), the XUV transmission is expected to
be modified by three different effects, namely, (i) by a slow
change via the Iy(t) envelope of the laser pulse; (ii) by a fast
modulation defined by the central angular frequency wy of the
laser field; and (iii) by a beat signal between two alternative
absorption paths with Q@ = AE /2h, where AE is the energy
difference between the sublevels of the core electronic levels
(2p3;» and 2pyyp or 3ds, and 3dz)), as shown in Fig. 2.
A beat signal cannot be expected at the transition from the
2s level because it contains no sublevels (i.e., 2 = 0). The
805 nm wavelength of the laser produces a fast oscillation in
the transmitted XUV signal with a frequency of 745.3 THz
or a period of 1.34 fs. In the case of Si, the energy difference
between the 2p/ and 2p;3,, levels [32] is 0.4 eV, meaning
a beat frequency of 48.4 THz or a period of 20.7 fs. For the
3ds» and 3ds, levels [32] of Zr, these values are 2.3 eV, 278.0
THz, and 3.6 fs , respectively. While the pulse envelope of
35 fs and the 20.7 fs beat in Si can be resolved with a temporal
resolution of a few femtoseconds, the fast 1.34 fs oscillation
caused by the laser field and the 3.6 fs beat in the Zr can be
measured only with attosecond (sub-fs) temporal resolution.
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FIG. 4. Method of data evaluation. (a) Spectra series were
measured as a function of delay between the NIR pump and XUV
probe pulses. (b) The 2D Fourier transform of (a). (c) The 2D Fourier
transform of (a) with dc subtraction. (d) Inverse Fourier transformed
spectra series after filtering. (e) The highlighted part of (d) was
magnified to present the competition between the core — CB and
core — VB transitions, which altered the induced absorption to
induced transmission within 0.67 fs and vice versa. The color scales
are normalized, and direction from blue to red means an increase of
transmitted XUV signal. See details in text.

B. Data evaluation

During the measurements, the transmitted XUV spectra
were recorded within the 70-230 eV spectral range with 2 fs
or 0.2 fs delay steps. The spectrograph and detector had a
spectral resolution of ~0.015 nm, which meant ~0.1 eV and
~0.4 eV resolution at around 100 eV and 180 eV, respectively.
To examine how the measurement data were evaluated, we
present here an example of a measurement that was performed
with 0.2 fs delay steps and where Si was examined. A set
of transmitted XUV spectra within a measurement series is
plotted in Fig. 4(a). A measurement series contains the effect
of several physical processes, which were hardly recognizable
together. One immediately can see that the transmitted XUV
signal decreased below 100 eV during the time the laser
illuminated the foil, which should have been the consequence
of interband electron excitation. This change dominated over
others. Furthermore, the generated harmonics were most
intense near 100 eV, and the change near 150 eV is hardly
visible. To recognize and distinguish smaller effects both in the
spectrum and in time and suppress noise, we further evaluated

PHYSICAL REVIEW B 00, 005100 (2016)

the measurement to highlight data channels of interest and
suppress others. Therefore, the measured two-dimensional
(2D) data set was Fourier transformed [see Fig. 4(b)]. The
horizontal axis is the transform along the photon energy
measured in harmonic orders and gives the scale in optical
cycles. The vertical axis is the transform along the delay. The
contribution of the harmonic lines is recognizable by the peak
at 0.5 optical cycles, and this transform is usable to make
appropriate filtering in the spectral direction. In the direction
of the delay, a small change sits on a large dc level. To avoid
artifacts, another 2D Fourier transform was calculated after
subtracting the dc level [see Fig. 4(c)]. On this transform,
the peaks of the effect of the laser electric field at 754 THz
and the peaks of the beat at 48 THz can be recognized. This
transform was used for filtering in the direction of delay. Using
appropriate Fourier filters, which are presented in the next
sections, the measurement results take the form of Fig. 4(d).
In the figure, beyond the 2p — CB transition near 100 eV,
the effect of the pump to the 2s — CB transition near 150 eV
became also well visible. The effect of the beat with the 21 fs
period can be recognized near 100 eV. The fast effect of the
laser electric field with a 1.34 fs period also appears with
high contrast near 100 eV and 150 eV, while in the range
between 110 eV and 140 eV the colors are smooth; some
periodicity is visible only as noise with low contrast, as can
be expected. A small part in the range of the Si L-edge is
magnified and put to Fig. 4(e). The oscillation between the
2p — CB and 2p — valence band (VB) transitions at the
effect of the laser field can be well observed as the laser field
induced additional absorption or transmission and switched
between the two absorption channels within a time of 0.67 fs.

C. Measurements with femtosecond resolution

Pump-probe measurement series were performed for Si and
Zr foils. The transmitted XUV spectra at a set of delays were
measured and evaluated around 100 eV, 150 eV, and 180 eV to
study the 2p, 2s, and 3d to CB transitions, respectively. The
delay between the dressing laser pulse and the probe XUV
pulse train was scanned with 2 fs temporal resolution. It is
clear from Eqs. (A10) and (A11) of the Appendix that without
a laser pump («; = 0), one can expect strong absorption at
the 2p — CB transition and weak absorption at the 2s — CB
and 3d — CB transitions. This is the straight consequence of
the symmetry of the wave functions, namely that the wave
function of 2 p is antisymmetric while those of 2s, 3d, and CB
are symmetric.

To follow the effect of the dressing laser, 2D Fourier
transforms of the measured spectra series were calculated
and are plotted in Figs. 5(e) and 5(f) for the direction
corresponding to the delay axis. In the case of Si, two
subsequent measurement series were recorded in different
delay intervals, and the calculated Fourier transforms are
plotted with solid and dashed blue lines in Fig. 5(e). These
transforms contain the well distinguishable peak at ~48 THz,
which belong to the beat between 2p3,» and 2py levels.
The appearance of the peak at ~14 THz (~70 fs ) should
be the LO phonon in Si [33]. In the Fourier transform of the
Zr measurement [Fig. 5(f)], one can recognize low frequency
peaks at ~5 THz, ~12 THz, and ~20 THz, which are probably
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FIG. 5. The XUV transmission spectra were measured and evaluated at around (a) Si L, 3, (b) Si L,, and (c) Zr M, 5 edges with femtosecond
temporal resolution. (d) The transmitted XUV signal was essentially altered in the presence of the pump NIR laser pulse (red dashed line),
e.g., at the L, ; edge of Si. (e), (f) The 2D Fourier transforms of the measured data sets were used to identify involving processes, and suitable
Fourier filters were applied to evaluate the measurements and to produce panels (a)—(c). (2)—(j) The evaluated results are plotted together with
the theoretical predictions (see details in the text). While (d) and (g) plot the XUV transmission itself, (h)—(j) are the change of the transmission.

The normalized color scales are the same as in Fig. 4(e).

produced by phonon modes in the bulk Zr or in the oxidized
surface layer [34]. The beat between the 3ds;, and 3d5,, levels
of Zr (278 THz, 3.6 fs ) is too fast to be observed with the
2 fs temporal resolution; therefore, we analyze it using higher
temporal resolution in Sec. IL.D. In order to highlight the
processes of interest, to suppress the high frequency noise,
to eliminate the 5 THz phonon in Fig. 5(f), and for a better
visibility, appropriate Fourier filters [orange dashed lines in
Figs. 5(e) and 5(f)] were applied. The filtered spectra series
are plotted in Figs. 5(a)-5(c), and the interesting parts are
highlighted with black dashed frames.

The time resolved change of the transmission at the
examined L, 3,L;, and My s edges are separately plotted in
Figs. 5(h)-5(j) by calculating the difference between the signal
at the edges and the background far from the edges. One can
see on this figure that when the laser pulse arrives (near zero
delays), the transmission increases after the L, 3 edge and
decreases at the L and M, s edges. At small delays [black thin
dashed frame in Fig. 5(a)], the L, 3 edge almost disappears.
To highlight this range, unfiltered raw spectral data at three
different delays are plotted in Fig. 5(d). While at the delays
of 50 fs , the edge is well visible and undisturbed; at O fs

delay (red dashed line), the transmission is increased just after
the edge and decreases just before the edge to almost the same
transmission value.

The delay dependence of the transmitted XUV signals
through the Si foil is plotted in Figs. 5(h) and 5(i) at
101 eV for the 2p — CB transition and at 147 eV for the
2s — CB transition, respectively, considering two subsequent
measurement series in different delay ranges (solid and dashed
green lines). At around zero delays, the transmission follows
the envelope of the laser pulse (black dashes line), as expected
from the theory, namely an increase for the 2p — CB and a
decrease for 2s — CB transitions were observed. At positive
delays in Fig. 5(h), the transmitted signal is clearly modulated
by the beat (~21 fs ) between the 2p3,, and 2p;,, levels.
In Fig. 5(i), there is no beat, as expected in the case of
the 2s — CB transition [some residual beat can be observed
from the 2p to continuum transitions, though, as noted in
Fig. 2(b)]. The beat in Fig. 5(h) relaxes at ~300 fs delay.
For higher delays, the laser pulse produces a long-period
~200 fs modulation (gray dashed line), which can probably
be associated to the TO phonon. This effect cannot be clearly
identified because of the short measurement time <700 fs.
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The surface plot shown in Fig. 5(c) for the Zr measurement
shows several features. At photon energies in the range of
180 eV and at negative delays, the colors are mainly light blue
and yellow, meaning low absorption (high transmission). At
near zero delays (frame A), it turns to dark blue, meaning high
absorption. Still around 180 eV and at higher positive delays,
it becomes again light blue—yellow, and it starts to change
and oscillate at higher delays, especially in the delay range
of 100-300 fs (frame C). We associate this oscillation to the
generated ~20 THz phonons [35]. At lower photon energies
near 165-170 eV (out of the range of the CB) and below
100 fs delay (frame B), the colors in the surface plot remain
light blue and yellow; this means an almost delay-independent
transmission, and the change by the phonons appears only
between the 100-300 fs delay range. This means that the effect
of laser dressing is observed at near-zero delays and at certain
spectral range, which is different from the phonon assisted
oscillations (e.g., frame C) observed at positive delays and
almost independently of the XUV energy.

The just mentioned processes observed from Fig. 5(c) for
the Zr measurement are further detailed in the curves shown in
Fig. 5(g). The XUV transmission at 179 eV (blue line) shows
a well distinguishable minimum at zero delay during the laser
pulse due to laser dressing and a strong oscillation between 100
and 300 fs due to phonons. Far below the edge at around 168 eV
(red line), only the strong oscillation between 100 and 300 fs
due to phonons can be seen. In the difference [Fig. 5(j)] of the
signal (179 eV) and the background (168 eV), the appearance
of the strong absorption at zero delay due to laser dressing
can be well observed, while the effect of the phonons mainly
disappears because they are there in both spectral ranges.

D. Measurement with attosecond resolution

Our measurement series of Sec. II.C were repeated at
around zero delay, with a much higher 0.2 fs temporal
resolution in order to study in more detail the effect of the
dressing of the laser pulse on the thin Si and Zr foils. Aiming at
studying the beating and the effects of the electric field dressing
in the spectral ranges of the three interested transitions, the
measured data sets were processed to produce Figs. 6(a)-6(c)
by applying appropriate Fourier filters [Figs. 6(d)-6(f)].

For both Si and Zr, the Fourier transforms along the delay
axis contain a peak at ~745 THz, which belongs to the
electric field square of the laser beam. It is especially well
distinguishable in Fig. 6(f) (Zr measurement). In the case of
Zr, another peak at 278 THz (3.6 fs , 2.3 eV), which belongs
to the beat between the 3ds;, and 3d3,, core states (CSs), is
well visible. The 48 THz beat between 2p3,, and 2p /, levels
of Si is not observable in Fig. 6(e) because of the inadequate
resolution; however, it is well visible in Figs. 6(a) and 6(b), and
the similarities with the theoretical calculation for He [Fig. 3(a)
in Ref. [18] can be immediately recognized. The origin of the
peak appearing at 180-200 THz in Fig. 6(f) is unclear, and,
hence, we filtered it out.

The presence of the harmonic lines and the shape of
the spectrum at around 100 eV can essentially diminish the
visibility of the signal of our interest. Therefore, for the
evaluation of the measurement results of Si, the spectral effect
of the harmonic lines [peak at 0.5 optical cycles in Fig. 6(d) (red

PHYSICAL REVIEW B 00, 005100 (2016)

lines)] and the slow and fast components of the spectra were
filtered out (orange dashed line). Contrary to Si, of which direct
band transition starts at ~3.4 eV and, consequently, absorbs
the 805 nm laser light weakly, Zr is a metal and absorbs the
laser light strongly. This means strong band-to-band electron
excitation and, consequently, a much stronger effect of the
illuminating laser pulse to the XUV transmission due to excited
electrons. With the intention to observe this effect also, and
because harmonic lines cannot be resolved at such high photon
energies, we did not filter out the slow spectral components
and harmonic lines in the evaluation of the Zr measurement
data [blue dashed line in Fig. 6(d)] as we did for Si. Otherwise,
the 180 eV edge of the Zr is in the HHG plateau; therefore, the
spectral shape of the HHG does not affect the visibility of the
signal.

In both the Si and Zr, the measured XUV spectra were
recorded with 200 as delay steps in two subsequent measure-
ment series with different, partly overlapping delay ranges.
The surface plots in Figs. 6(a)-6(c) show only the first series,
but both series are plotted in Figs. 6(d)—6(j) with dashed and
solid lines. In the surface plots of Figs. 6(a) and 6(b), the
effect of the delay scan is well visible at around the L, 3 and
Ly edges of Si at 100 eV and 150 eV, respectively, which
is marked with black dashed frames. The delay dependence
of the XUV transmission at 102 eV (£1 eV range) and at
150 eV (%2 eV range) is averaged and plotted in Figs. 6(h)
and 6(i). On the surface plot of Fig. 6(c) corresponding to the
Zr measurement, the dressing effect of the laser is hardly seen
because, as mentioned earlier, the change of the transmission
is dominated by the laser-excited electrons between the VB
and the CB. The transmitted XUV signals [evaluated from
the two marked areas in Fig. 6(c)] continuously increase with
the delay [see Fig. 6(g), where the two curves are shifted
for a better visibility], and they follow the main trend of the
integrated Gaussian laser pulse (dashed black line) and decay
after the laser pulse. The calculated difference of the signal
(180 eV) and the background (160 eV) is potted in Fig. 6(j).

The high frequency modulation, which can be seen in every
evaluated delay curve in Figs. 6(h)-6(j), is the consequence of
the square of the electric field (carrier) of the laser pulse.
The slow changes of the XUV transmission are due to the
envelope of the pulse (black dashed lines). In Figs. 6(k)-6(m),
the calculated signals are presented according to the theory.
For the calculation, we used the modified form of Eq. (2),

AT; ~ £ T;1(v)[1 — Vg cosuo)][1 + Vj, cos Q1)1
3)

and assumed that it is not possible to make a measurement
with full visibility of the fast oscillation V; and the beat
V), because of the limited temporal resolution and may not
fully be the equidistance train of XUV attosecond pulses.
The comparison with the measured curves gave us visibility
values of 0.6 and —0.15, respectively. Comparing the measured
curves with the calculated ones, a very good agreement can be
observed. The measurement results exhibit every theoretically
expected process, namely the transmission change with the
laser pulse envelope, the fast oscillation with the doubled laser
central frequency, and the ~21 fs and ~3.6 fs beat for Si and
Zr, respectively. Some additional temporal structure within
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FIG. 6. The XUV transmission spectra around (a) SiL,3, (b) SiL;, and (c) Zr M4 s edges were measured with attosecond temporal
resolution. (d)—(f) The 2D Fourier transforms of the measured data sets were used to identify the involving processes, and suitable Fourier
filters were applied to evaluate the measurements and to produce panels (a)—(c). (g)—(m) The evaluated results are plotted together with
the theoretical predictions (see details in the text). The normalized color scales in (a) and (b) are the same as in Fig. 4(e) and in (c) as

in Fig. 4(a).

the measurements can be recognized, which is similar on
both subsequent measurement series. The background of this
structure is, however, not clear; it may come from deviations
from the Gaussian shape of the laser pulse, from the temporal
shape of the generated harmonic pulses, or from some fast
electron excitation and relaxation within the CB.

IV. DISCUSSIONS AND CONCLUSIONS

We examined the laser-dressing effects of the NIR pulses
of a Ti:sapphire laser system on the wave function of the
CB of thin Si and Zr films with core-level attosecond time-
resolved XUV spectroscopy. The wave function was probed

by high harmonic pulses from a source generating XUV
spectra in the 70-230 eV spectral range via exciting core-level
electrons into the conduction and observing the change of
the XUV transmission. Three transitions were used, namely
the 2p — CB and the 2s — CB transitions of Si and the
3d — CB transition of Zr at near 100 eV, 150 eV, and 180 eV,
respectively. We observed a slow change in transmission by
the envelope and a fast change by the electric field carrier of
the dressing laser pulse. The developed theory predicted an
increase of the transmission at the 2p — CB transition and
a decrease at the 2s — CB and 3d — CB transitions, which
were fully observed in the experiments. The theory recognized
this difference as the consequence of the symmetry of the CS
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wave functions and the symmetry change of the CB wave
function via the electric field of the laser pulse.

The measurements in all cases demanded a high temporal
resolution to deduce real events from undesirable ones. We
made the measurements with both 2 fs and 200 as temporal
steps to follow slower and faster processes. The electric field
of the laser pulse caused precise controlled alterations of the
electrons in the CB and another attosecond pulse train in
the XUV spectral range imaged a colored shadow diagram
of this alterations. The applied Fourier evaluation technique
with miscellaneous chromatic filters served to distinguish
and engrave the individually occurred excitation-relaxation
processes mixed in these projected pictures.

Beyond the fast oscillation in the XUV transmission caused
by the electric field of the laser having a period of 1.3 fs ,
quantum beats from the 2p;,, and 2p;,, levels of Si with a
period of 20.7 fs and beats from the 3d3,, and 3ds;, levels
of Zr with a period of 3.6 fs were recognized. Furthermore,
the effect of the band-to-band electron excitation in Zr and
different long and short period phonon modes were found in
both Si and Zr.

Our paper recognized ultrafast electronic processes in the
CB of semiconductors and metals and provided theoretical
support to help the development of even faster electronics for
high-speed optical detectors and optical communications.
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APPENDIX

The transient XUV absorption of laser-dressed solids is
modeled as follows: The electric field of the NIR laser pulse
alters the wave function of the unoccupied level of the CB and
consequently alters the absorption of the XUV radiation. We
consider no change of the core-level wave functions because
of the shielding effect of the outer electron shells. The so-
called “dressing” laser field might excite electrons from the
VB to the CB or within the CB, but in the present paper,
we are not interested in these band-to-band transitions. Here
we concentrate only on the core-to-band transitions and the
dressing effect of the electric field of the illuminating laser
pulse.

Considering dipole transitions, the transition probability
between two quantum states of energies E; and E,, when the
system is illuminated with a resonant laser field of frequency
w, such that hw = E,, — Ej, is given by Fermi’s golden rule
[36], from which the absorption cross section can be easily
derived:

2me? 2
Oq = —,OmAEm|<‘Ifm|x|‘IJj>| .

Al
hCS() ( )

PHYSICAL REVIEW B 00, 005100 (2016)

In Eq. (A1), p,y AE,, gives the number of states within the
examined energy range A E,,,, with p,, being the density of state
(DOS) of the final state (m = CB or VB). The DOS of Si and
Zr can be found in several publications, e.g., Refs. [34,35,38].

To calculate the absorption cross section in Eq. (A1) and
the effect of the NIR laser field, the wave functions of the core
and band states are obtained as follows. (i) We assume that a
weak XUV probe pulse moves one electron from a localized
atomic CS (Fig. 3, blue thick solid lines) into a delocalized
state of the CB (gray thick solid line in Fig. 3) and leaves the
VB unaffected. To calculate the quantum states and the wave
functions in the CB, we consider the single active electron
approximation together with an effective periodic potential,
which is formed by the ionic cores and the electrons of the
VB. The electron in the CB feels only the effect of this
periodic potential. (ii) We use the lattice vector expansion
[39] and define the periodic potential as a Fourier series with
the reciprocal lattice constant G = 27 /a:

U) =Y Upe ™% = U(x +a),  (A2)

where a is the lattice constant, i.e., the distance between the
atoms in the one dimensional lattice. The U, is the amplitude
of the mth Fourier component, with U_,, = U, and o = 0.
The Uy is negative and represents a potential energy below the
continuum level for bounded electrons. A periodic potential is
drawn in Fig. 3 (gray thin solid line), where we assume U, ~
1/m?. The external laser field F; polarizes the atoms in the
lattice by displacing the bounded electrons in the VB, which
modifies the shape of the periodic potential. The effect of F;
is treated as a linear perturbation (quasistatic approximation)
by the phases «,, in Eq. (A2),

Oy = XmFl’ (AS)

so that without the external field, «,, = 0. An example of the
effect of the laser field on the periodic potential is shown in
Fig. 3 (red thin dotted line).

In order to describe the laser-dressed states in the solid,
we hence solve the one-dimensional Schrodinger equation
using the periodic potential given by Eqs. (A2) and (A3). For
simplicity, we consider only the first order terms m = 0, + 1,
which gives

U(x) = Uy +2U, cos (Gx + 2a). (A4)

Using Bloch’s theorem, near the band gap (k ~ 0), two
plane-wave solutions can be obtained:

[e(GxH2)/2 4 p=i(Grt2a)/2

Vi(x) = (A5)

a

which give the normalized wave functions of the VBs and CBs

as
12 1

Yep(x) =V, (x) = P cos (EGX + al), (A6)
12 . (1

Yyp(x) =V_(x) =i P sin <§Gx + oq), (A7)
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h2k? h2k? h2G?
+ + U}
2m 2m  2m

The two energies Ey(k) in Eq. (AS8) therefore give the
splitting between the two energy dispersion functions [E(k)]
of the Wcp and Wyp states, respectively. The minimal band gap
is defined as AE, = 2|U,| at k = 0. Following the convention
in XAS, we measure every energy level relative to the Fermi
level Er =0, which provides Uy = —h*G>/8m at k = 0.
Therefore, in the case of a material with known energy band
gap and lattice constant, the potential described in Eq. (A4) is
known.

Usually, the transitions are considered between two Bloch
states of the electron, namely between the VB and the CB
states. Here, however, we consider transitions between a CS
of an electron (localized and bounded to an atom) and a Bloch
state in the VB or in the CB, considering the wave functions
given by Eqgs. (A6) and (A7). The wave function of the CS is
approximated by a hydrogenlike radial wave function. In the
experiments, we measured how the XUV transmission spectra
changed in time due to the effect of the illuminating laser field;
therefore, the calculation of the absolute value of the transition
probability is not necessary. Indeed, what affects the transition
probability is the symmetry of the core wave function, namely
whether it is symmetric, antisymmetric, or asymmetric. As
seen in Eqs. (A6) and (A7), the wave functions Wcp and Wyg
are symmetric and antisymmetric, respectively. Selection rules
from the dipole approximation forbid symmetric-to-symmetric
and antisymmetric-to-antisymmetric transitions. If the external
electric field of the laser modifies the symmetry of the CB or
VB wave functions (as shown in Fig. 3 with a red dashed
line), the probability of the transitions changes such that they
can become possible or forbidden. Therefore, the usage of the
hydrogenlike radial wave functions with the suitable symmetry
fulfills the requirements in our analysis.

We examine the transition from the 2p (L, and L3 edges)
and 2s (L edge) CSs of Si and the transition from the 3d (M4
and M5 edges) CS of Zr at 100 eV, 150 eV, and 180 eV photon
energies, respectively. While the wave function of the 2 p state
is antisymmetric, that of the 2s and 3d states is symmetric.
The corresponding normalized wave functions are

Wy, = 2V Yas(1 — y2S|x|)e—VzA\XI,

v, = 2,/y23pxe’y2"|x|,
and W3, = 4,/]/35dxze’1’3d‘x|.

The effective charge of the core can be obtained from the
energy of the orlBital with principal quantum number n as
E, =—13.6eV Z;{‘ , and the reciprocal orbital radius y is given
by the formula y~! = 7%, where ap = 52.9pm is the Bohr
radius. For Si, E;, = —99 6eV and E,; = —149.7¢eV; for
ZI', E3d = —180 CV, which gives Z2p7eff = 54, Zzs,eff = 66,

and Zszg o = 10.9, respectively, with Vz_,,] =19.6pm, y,,' =

with energies

Ei(k) =

(A8)

(A9)

15.9 pm, and )/3:,l = 14.6 pm. The lattice constants for Si and
Zr are 543 pm and 323(515) pm, respectively. Therefore, all
wave functions and parameters are known to calculate the
transition probabilities and absorption cross sections.

PHYSICAL REVIEW B 00, 005100 (2016)

The cross section in Eq. (A1) can be obtained by calculating
the dipole matrix elements d; i+ = (Wi|x|V¥;), with j =
2p, 2s, or 3d. Since the electron orbitals of the core electrons
are almost two orders of magnitude smaller than the lattice
constant, we assume y >> G. The absorption cross-sections of
the different transitions are thus readily derived by using the
delocalized wave functions in the form of Egs. (A6) and (A7)
and the core wave functions in the form of Eq. (A9). Using
the notation j = 2p, 2s, or 3d and m = CB or VB, for the
transitions 2p — CB, 2s — VB, 3d — VB, we have

Ojm A Ajpcosiay, (A10)
and for the transitions 2p — VB, 2s — CB, and 3d — CB,
Ojm A Ajpsin’ay, (A11)
_ 21’ puAEy 2 _ 28732 p, AEy 2
where A, ,, = heeo(ara) as, Axym= heesary & and
_ 2Y7%pu AE, 2
A3d,m - hCEo(!lV3d)5

We assume a suitably weak laser field, which polarizes
the material and perturbs the periodic potential weakly. This
means that the change of the potential can be described with
a small parameter «; [see Eq. (A3)], and it can hence be

considered as a small perturbation, with cosay; ~ 1 — 0412 and

sin®a; ~ af. Using Eq. (A3), we have

a; = x1F(t) = x1 Fo(r) sin(woT),

or 0‘1 = X11(T) = XII()('L')SIIIZ((,()()‘C) (A12)

where wy is the angular frequency of the laser, F(t) is the
strength of the electric field, and I(7) is the intensity envelope
of the laser pulse at the time that the XUV pulse arrives, so ©
can be considered as the delay between the XUV pulse and the
laser field. Substituting Eq. (A12) into Eq. (A10) and (A11),
we obtain

2

AGj ~ FEEIM o (2)sind(wpr), (A13)
(&)
and from Eq. (1) the transmission change is
AT ~ £Tj,, Ip(T)sin*(wo7), (A14)

where T, = A;, m> Tonad where j = 2p,2s, or 3d and
m = CB or VB. In Eq (A14), the sign (4) corresponds to
the 2p — CB, 2s — VB, and 3d — VB transitions, while
the sign (—) is for the 2p — VB, 2s — CB, and 3d — CB
transitions.

From Eq. (A14), we can thus make predictions of what
one can see in the experiments. On the one hand, without
the dressing laser field («; = 0), Eq. (A10) predicts a strong
absorption (small transmission) at the 2p — CB transition
(~100 eV, Si). This means that the CB is situated just above
the L, 3 edge of Si within a few eV DOS spectral range.
[37] With the dressing NIR laser field, Eq. (A14) predicts that
the transmission depends on the delay t between the XUV
pulse and the laser electric field. It predicts a slow increase
of the XUV transmission due to the envelope of the laser
pulse /(1) together with a very fast oscillation [sin?*(wo)] of
transmission at half optical period of the laser pulse (~1.34 fs
). On the other hand, Eqgs. (A11) and (A14) predict exactly the
opposite for the 2s — CB transition of Si at 150 eV and the
3d — CB transition of Zr at 180 eV. At these absorption edges,
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the originally large transmission of XUV has to decrease due
to the dressing laser field, caused by a combination between
the slow change of the pulse envelope and the fast oscillation
of the squared electric field carrier with half optical period.

A. Beat between transitions

In Eq. (2), only one possible transition is considered at a
certain XUV wavelength. This is the correct case for the 2s —
CB transition of Si at 150 eV. However, for the 2p — CB and
3d — CB transitions of Si and Zr (see Fig. 2), respectively,
there are two near-lying levels and consequently two possible
transitions in each case. The two levels are 2p;,, and 2p3, at
99.82 eV and 99.42 eV for Si and 3d3/, and 3ds,, at 181.1 eV
and 178.8 eV for Zr. The distances of 0.4 eV and 2.3 eV
between the levels are smaller than the width of the CB so that
for a certain XUV wavelength, both transitions are possible.
To understand how this appears in the measurement, the time
dependent dipole matrix element is written as

d(t) = eFxyy o€ X0V (W En/M 4 Qe /|

X x|Wope Ealht g el Eallty (A15)

where W1, ¥, are the wave functions of the two band states
with energies Ej; and Ey,, and W,;, W, are the wave functions
of the two CSs with energies E.; and E.,. The XUV field is

PHYSICAL REVIEW B 00, 005100 (2016)

resonant with the two transitions, which means that hwxyy =
Ey — E.| = Epp — E». Equation (A15) can be separated into
four terms using the notation AE = E,) — Epy = E.) — E
as

d(t) = eFxuv,0{Wp11x| V1) + eFxuv,0{Wplx| W)
+ e Fxuy.oe " AEM (W x| W)

+ e Fxuy.oe 2 E/M (W | x | W,1). (A16)

Because the two levels lie close to each other, their wave
functions hardly differ; therefore, we assume Wy} =~ V), = W,
and ¥, ~ ¥, = V., with which Eq. (A16) takes the simple
form

. AE
d(t) = 4eFXUVq()<"pb |x|W¥.)cos %l‘ . (A17)
This results in the appearance of a beat signal in the XUV

transmission in Eq. (A14) with angular frequency of Q =
AE /2R

AT, &~ £Tj,, Ip(t)sin*(wot )cos*(Q), (A18)

where the sign (+) is for 2p — CB transition and the sign
(—) is for 3d — CB. In the case of Si, the energy difference
between the 2p1 /> and 2p3/; levels is 0.4 eV, which means a
beat of frequency 48.4 THz or period of 20.7 fs. For the 3d5/»
and 3ds; levels of Zr, this gives 2.3 eV, 278.0 THz, and 3.6 fs.
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