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Ultrafast Transition from State-Blocking Dynamics to
Electron Localization in Transition Metal f-Tungsten
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We describe an ultrafast transition of the electronic response of optically excited transition metal
p-tungsten with few-femtosecond time resolution. The response moves from a regime where state filling of
the excited carrier population around the Fermi level dominates towards localization of carriers onto the
outer d orbitals. This is in contrast to previous measurements using ultrafast element-specific core-level
spectroscopy enabled by attosecond transient absorption spectroscopy on transition metals such as titanium
and around the transition metal atom in transition metal dichalchogenides MoTe, and MoSe,. This
surprisingly different dynamical response for f-tungsten can be explained by considering the electron-
electron dynamics on a few-femtosecond timescale and the slower electron-phonon thermalization

dynamics.

DOI: 10.1103/PhysRevLett.131.226901

The understanding of electron dynamics on ultrafast
timescales is needed in order to push electronics towards
the THz and even PHz frequencies. Of particular signifi-
cance are materials containing transition metal elements,
given their potential integration into high-frequency opto-
electronic devices. Recently, ultrafast electron localization
into d orbitals surrounding a transition metal element has
been directly observed to occur within less than a few
femtoseconds in metals [1] and semiconductors [2]. This
observation challenges the adequacy of the independent
electron approximation. Therefore, a fundamental question
remains unanswered: when can we accurately describe an
optically excited solid using the free-electron approxima-
tion with the very successful effective mass approximation,
and when do collective electron phenomena predominate in
its response? This question persists due to the varying
strengths of numerous dynamical interactions during and
after excitation, such as Pauli state blocking [3-5], the
dynamical Franz Keldysh effect [6-10], and electron
localization [1,11-13] as well as the relaxation of excited
electrons due to coupling to plasmons [14—16], phonons
[12,17-21], and other electrons [22-26]. In this study, we
demonstrate that in the response of the transition metal
p-tungsten both independent and collective electron phe-
nomena play an important role. The initial response is
surprisingly governed by free-electron dynamics, however,
this later transitions into the more typical collective
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response, transition metal
elements.

Attosecond transient absorption spectroscopy (ATAS) is
a pump-probe spectroscopic technique ideally suited for
investigating both the optical excitation of electrons and
their subsequent relaxation [27,28]. In ATAS experiments
on solids the electron dynamics in thin-film samples are
typically driven by few-cycle near-infrared (NIR) to mid-
infrared (MIR) pulses and probed via the absorption of
broadband XUV single attosecond pulses (SAPs) or atto-
second pulse trains (APTs). The temporal profile of these
pulses naturally allows for sub-femtosecond resolution of
the induced dynamics. Broadband XUV spectroscopy
additionally allows for simultaneous probing of both
occupied and unoccupied states around the Fermi level
in metals or both the valence and the conduction band in
semiconductors from multiple core states, enabling the
observation of element specific dynamics.

Prior ATAS investigations of solids have yielded sig-
nificant insights. An examination of the simple metal
aluminum revealed that the pump-induced change in
absorption could be accurately reproduced by an indepen-
dent particle model, which exclusively considers state
blocking [4]. When we only consider state blocking, the
decrease in absorption of the XUV probe is purely
governed by the blocking of probe transitions by the
excited state population above the Fermi energy (Ef)
and the increase in absorption through the depletion of
electrons below Ep.

In contrast, investigations into the transition metal
titanium required TDDFT simulations that included the
induced, ultrafast localization of the excited electron
population onto its valence 3d orbitals for good agreement
with the measurements [1]. This localization, characterized

previously observed for
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(a) Electronic density of states (DOS) of -tungsten. The relevant core states between —40 and —30 eV are depicted on the left,

and are based on data obtained in Ref. [37] (solid gray), fitted with Lorentzian peaks (dashed lines) and normalized to the 417/,
resonance. On the right, the angular momentum projected density of states (PDOS) around the Fermi energy Ef of f-tungsten with a
15.79% atomic percentage of oxygen is shown. The PDOS is dominated by 5d orbitals and contributions from the oxygen atoms are
negligible. PDOS data around E is taken from an extended calculation of Ref. [33]. (b) Sketch of the high harmonic generation (HHG)
and measurement section of the attosecond transient absorption spectroscopy (ATAS) setup. Both the front section (beam splitter—
toroidal mirror, 107*—10~% mbar) and the measurement section (TOF-CCD, 10~7—10~° mbar) are kept at high vacuum.

by d-orbital-shaped changes in electron density around the
Ti atom, in turn, screened the inner core orbitals, effectively
compensating for the state-blocking effect. The relatively
large dynamical response of titanium followed the pulse
fluence of a few femtoseconds and can therefore be
assumed to occur on an even shorter timescale. Both
regimes of ultrafast localization and state blocking have
been found to occur simultaneously but separately for the
two atomic constituents of the transition metal dichalcho-
genides (TMDCs) MoTe, [29] and MoSe, [2]. In these
semiconductor materials, the element-specific ATAS signal
around the transition metal molybdenum was predomi-
nantly governed by the same dynamics of ultrafast locali-
zation-induced screening observed in titanium, while the
signal around the chalcogens resulted from band filling,
also known as state blocking.

In our study of the transition metal S-tungsten we
observe an ultrafast transition from a regime where state
blocking of the excited electron distribution around the
Fermi energy dominates, towards a regime where the
screening induced by localization of the excited population
onto the outer d orbitals of S-tungsten is dominant.
Additionally, in contrast to titanium, the initial response
of p-tungsten does not follow the pump’s integrated photon
flux, instead exhibiting temporal broadening due to elec-
tron-electron thermalization.

The transition metal p-tungsten is an allotrope of
tungsten which, instead of the usual bce crystallographic
structure (a-tungsten), exhibits an A15 cubic phase [30-
33]. This is a metastable phase of tungsten that is stabilized

by oxygen defects and only occurs in films with a thickness
below a critical value, which depends on growth conditions
and can reach up to 60 nm [34]. f-tungsten exhibits many
interesting electronic properties, such as an increased
superconducting temperature as compared to a-tungsten
[35], and has recently seen a revival in scientific interest
due to the finding of a giant spin Hall effect [34,36]. For the
purpose of the experiment described in this Letter, it is
important to note that it is a transition metal with unfilled
5d orbitals and that we can probe the dynamics around the
Fermi level via core transitions from both a spin-orbit split
4f initial state as well as a 5p core state [see Fig. 1(a)].
The pump-probe ATAS setup that was used is described
in detail in Ref. [38] and is schematically shown in
Fig. 1(b). 80% of a ~300 pJ NIR pulse with a center
photon energy of 1.68 eV is focused into a krypton gas jet
and produces an APT with a spectrum ranging from 27 to
46 eV [see Fig 3(a)]. A 100-nm thin-film of aluminum
filters out the residual NIR beam and the XUV probe is then
recombined with the temporally delayed NIR pump beam
via a center-hole mirror. An iris in the pump arm of the
setup is used to adjust the pulse energy of the pump pulse.
For the measurements depicted in this Letter, a pulse energy
of 0.7 pJ at a repetition rate of 1 kHz was used. A gold
toroidal mirror at grazing incidence focuses both beams
onto the target and a time of flight (TOF) setup is used to
characterize the pump pulse in situ after the measurement
and to calibrate the pump-probe delay via reconstruction of
attosecond beating by interference of two-photon transi-
tions (RABBITT) [39]. The sample consists of a 13.6-nm
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FIG. 2. (a) ATAS measurement of the few-femtosecond dy-
namics around pump-probe overlap of the rise of the pump-
induced changes in milli-optical density (AmOD = 107>AOD)
for thin-film fB-tungsten. Induced opacity is depicted in red and
induced transparency in blue. Different energy intervals are
labeled with Roman numerals. Zero time delay was calibrated
by the peak of the RABBITT sideband trace, depicted in panel
(d), which represents the cross correlation between the NIR pulse
and the APT. (b),(c) Averaged temporal profile of changes in
optical density during pump-probe overlap, for specific features
(red and blue circles). The integrated photon flux of the in situ
RABBITT measurement is depicted in gray. (d) RABBITT
characterization of the NIR pump pulse (sideband 22) with
Gaussian envelope fits (dashed pink). The main pulse has a
temporal FWHM of 13.4 fs and a small pre-pulse centered at
—19.2 fs is also present.

layer of f-W that was deposited onto a 20-nm SizNy
substrate using electron beam evaporation. The presence of
p-W was confirmed with transmission x-ray diffraction,
performed after the ATAS measurements.

The change in optical density is defined as

ﬂ) (1)

AOD(E,7) = In (IXUVJrNIR(t)

where Ixyy and Ixyvnr represent the spectral intensity
distributions of the XUV probe that are transmitted through
the sample with the shutter in the pump arm closed and
open, respectively.

Figure 2(a) depicts the results of an ATAS measurement
of the initial rise of the change in optical density (AOD)
after excitation by the NIR pump pulse. The derivative
AOD features from negative to positive AOD at 31.8
(region I and II) and 37.5 eV (region IV and V) are
characteristic of NIR-induced state-blocking as probed by
the XUV probe from the 4f7/,, and 5p;/, core orbitals,
respectively [3,5]. Furthermore, the spectral widths of these
features (0.61 and 1.73 eV, respectively) approximately

match the spectral widths of the core states (0.33 and
1.85 eV, respectively), extracted from Gaussian fits to hard
x-ray photoelectron spectroscopy data from Ref. [40]. A
similar derivative feature is expected for the probing from
the 4f5,, orbital (region III), with a binding energy of
33.6 eV; however, its induced transparency is most likely
obscured by the energetically broad response in region IV
from the 5p probing. Additionally, a broad negative AOD
feature is observed between 40 and 43 eV (region VI). This
feature is likely due to an oxidation layer on the f-W /SizN,
interface and is discussed in detail in the Supplemental
Material [41].

Figures 2(b) and 2(c) depict the average induced AOD
throughout excitation for selected spectral regions, com-
pared to the integrated photon flux of the NIR pulse. For
both the positive feature in Fig. 2(b) and the negative
features in Fig. 2(c) a two-step rise is observed. The signal
starts at a slight increase in NIR pump flux—corresponding
to a small pre-pulse—for delays as low as —30 fs compared
to temporal center of the pump pulse (see Fig. 2(d), which
depicts a Gaussian fit of a lineout of sideband 22 of an
in situ RABBITT measurement of the NIR pump pulse).
Once the main pulse arrives, the rise of these features
becomes steeper and flattens off after pump-probe overlap.
The dashed blue and green lines in Fig. 2(b) depict two
separate Gaussian error function fits for each of the two-
step rise.

Rather than directly following the pump flux, the rise of
the AOD features during excitation is smeared out over a
longer temporal range. A similar flux-dependent effect was
observed and simulated for the transition metal nickel [48]
and related to nonthermal electron-electron relaxation.
Typical electron-electron thermalization times of laser-
excited metals under similar experimental conditions range
from the few-fs regime up to several tens of femtoseconds
[26,48] and depend on the induced final electron temper-
ature. Fitting the two-step rise of the feature in region IV
with two Gaussian error functions, we get a rise time (7.)
associated with the main pulse of 32.9 6.0 fs. This is
larger than the cross-correlation time of the pump pulse
with the probe pulse train, 7., = 13.4 + 0.9 fs, that can be
extracted from the envelope fit of the RABBITT sideband.
A detailed description of the fitting procedure for the AOD-
features can be found in the Supplemental Material [41]. As
in Ref. [48] we can deconvolve these timescales to obtain a

thermalization time of 7., & \/7%, — 13 = 30.0 = 6.6 fs.
This value fits appropriately within previously reported
thermalization times for optically excited metals [26].

Using Fermi liquid theory, we can now relate the
electron-electron thermalization time to the final electron
temperature 7, [20,49]:

1 [anEg
‘ kbﬂc

T ~ 2700 K, (2)

T Tee

226901-3



PHYSICAL REVIEW LETTERS 131, 226901 (2023)

XUV Intensity

(arb. units) -
150 100 50 0O

50 ; ; ; ; ; ; . . : : : . v
(b) 30 w‘ ()1  320{@4f,Go3-517e0) qL 36.8
8 20} ® 5p,., (35.0-37:5¢) ,;ﬁ— ®
<45 1r 1 E 1} ~ 3184 0 Za® F36.6
< S
< VI §58 ° ";"'. %
> s = =
g4 g o & 36 o 48
g v @) o ‘r‘ 9]
S s C S 314+ I« 1362 &
v o g . @ =
35 1t . 1 oy P2 & md g
g m - R N AP " L P
£ III - o ] a2 eond v}
30 g o o %
€ 31.0 " +35.8
5 e ®
25 L n n } } } } } } + + + + + + 30.8 4 t t t + t 35.6
o 500 1000 1500 2000 2500 3000 o 500 1000 1500 2000 2500 3000 1] 500 1000 1500 2000 2500 3000
Delay (fs) Delay (fs) Delay (fs)
FIG. 3. (a) High harmonic XUV probe spectrum, ranging from approximately 27 to 46 eV, generated in krypton. (b) Transient

absorption spectrogram of the few-picosecond dynamics after pump-probe overlap. Induced opacity is depicted in red and induced
transparency in blue. (c),(d),(e) Averaged temporal profile of changes in optical density for specific probe energy ranges. (f) Temporal
evolution of the center of energy along the spectral axis of the positive features between 30.3 and 31.7 eV (orange) and 35.0 and 37.5 eV
(green), which result from probing the 4f;,, and 5p;/, initial states, respectively. Spectral shifts of 0.2 and 0.45 eV are observed.

with . = r,/2x the Coulomb pseudopotential, where r, =
3.3 is the ratio between the Wigner-Seitz radius and the
Bohr radius [50]. The values for r, and E = 5.78 eV [51]
are taken for tungsten rather than f-tungsten because of
their availability in literature.

On the few-picosecond timescale [see Fig. 3] we can
observe electron-phonon thermalization. This is most
notable in the positive AOD-feature that is present between
35.0 and 37.5 eV and can also be observed for the positive
feature between 30.3 and 31.8 eV. Both of these features
narrow within the first few picoseconds, which corresponds
to a cooling of the excited Fermi-Dirac distribution. From
the temporal evolution of the center of energy along the
spectral axis for both features [see Fig. 3(f)], we see that
they shift upward by 0.2 and 0.45 eV within a characteristic
timescale (z.p,) of 1.3 £0.1 ps. Here, 7., is defined
as the time constant of a sigmoidal logistic fit (solid
blue lines).

On the same timescales as the electron-phonon relaxa-
tion, we can observe a diminishing of the negative AOD-
features in regions II and V. Directly after excitation, these
features and their adjacent positive signals at lower energies
resemble a response that is typical for state blocking. In this
context, the NIR pump causes energetic broadening of the
Fermi-Dirac distribution and reduces the number of avail-
able states for the XUV probe above Ef, leading to an
induced transparency, and increases the number of avail-
able states below Ep, leading to an induced opacity. The
center energy of the gap between the positive and negative
features resembles the separation between the energy of the
probing core hole and Er and is 31.6 eV for the lower
feature and 37.5 eV for the upper feature. This compares
well with the theoretical values of 31.3 and 37.2 eV for the
4f7, and the 5p3), states, respectively [52].

However, contrary to the other features of the spectro-
gram, the induced transparent signal above E disappears

after approximately 500 fs for the probing from the 4f5/,
and the 5p;,, state. These signals continue to rise,
eventually resulting in a positive AOD-signal that peaks
after 2 ps. This means that after electron-phonon thermal-
ization, the resulting spectrogram between 27 and 40 eV is
purely positive. This positive signal is exactly what was
observed for transition metal Ti [1] and around the
transition metal atom Mo in the TMDC semiconductor
materials MoSe, and MoTe, [2,29]. For Ti and Mo,
TDDFT calculations showed that the excited carriers
localize onto the outer d orbitals, which in turn induces
a screening of the core states. This screening effect was
found to cancel out the effect of state blocking and
therefore reduced the typical positive-to-negative derivative
structure to a purely positive signal. This was not observed
for Al [4] and around the chalchogenide atoms Te and Se in
MoTe, [29] and MoSe, [2].

Similar to titanium, S-tungsten has an unfilled outer
d-orbital shell onto which the excited carriers can localize.
However, in the case of -tungsten, we can now observe an
ultrafast transition from an initial regime (0 <t < 500 fs
after excitation) where state blocking dominates towards a
regime (¢ > 500 fs) where screening dominates. Because
of the similar timescales involved, we assume that the
electron-phonon thermalization effectively reduces the
signal contribution of the state blocking that is a conse-
quence of the excited population dynamics. The localiza-
tion of the excited population onto the outer d orbitals,
however, persists for a larger timescale. The signal thus
moves from a state where it is initially dominated by an
independent particle response towards a regime where we
need to account for collective electron dynamics. It is also
important to note that the signal for ¢ > 500 fs is most
likely not purely thermal in nature, as this would induce an
increase of the electron population above Er and therefore
cause a negative AOD signal.

226901-4
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To address the difference in the response between
titanium and p-tungsten, we consider the difference in
electronic density of states between these two materials.
Although for both titanium and f-tungsten the DOS is
dominated by d orbitals around E, there are two signi-
ficant differences. First of all, in titanium 3d orbitals
are responsible for the screening response, whereas for
p-tungsten we excite 5d orbitals. As 5d states are more
delocalized as compared to 3d states, we expect the
localization of excited electrons onto 5d orbitals to lead
to a less efficient screening.

More importantly, however, for f-tungsten the Fermi
energy lies in a “pseudo-gap” of the DOS, with the
distribution of 5d states peaking at approximately 3 eV
below and 3.5 eV above Ef. In titanium, however, the DOS
peaks almost immediately above Er. We can now use the
final electron temperature 7,, which we extracted from the
electron-electron thermalization time, to approximate the
excited electronic states with a Fermi-Dirac distribution for
p-tungsten. A convolution of the excited Fermi-Dirac
distribution of S-tungsten and titanium with their d-orbital
DOS shows that in the study on titanium approximately
4 times more d states were excited compared to -tungsten
(details in the Supplemental Material [41]). This explains
why the screening response is able to initially fully cancel
out the state-blocking population dynamics in titanium,
whereas for f-tungsten this can only happen after the
excited population has significantly thermalized through
interaction with the lattice.

In conclusion, we provide a direct, time-resolved per-
spective on the emergence of collective electron behavior
within a transition metal. We have observed an ultrafast
transition within f-tungsten, spanning from a regime where
state blocking and the pump-induced broadening of the
Fermi-Dirac distribution predominate to a regime where
electron localization and induced screening take prec-
edence. Notably, this stands in contrast to previous mea-
surements involving other transition metal atoms like Ti [1]
and Mo in TMDCs [2]. We have quantified this transition
by examining electron-electron and electron-phonon ther-
malization dynamics across distinct timescales, ranging
from a few femtoseconds to picoseconds. The observation
that free-electron dynamics can govern the initial response
of optically excited transition metals, but then transitions
into a collective response, bears significant implications for
comprehending their signal rise times and their incorpo-
ration in ultrafast electronics.
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