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In condensed matter, scattering processes determine the transport of charge carriers. In case of heterostruc-
tures, interfaces determine many dynamic properties such as charge transfer and transport, and spin current
dynamics. Here, we discuss optically excited electron dynamics and their propagation across a lattice-matched,
metal-metal interface of single crystal quality. Using femtosecond time-resolved linear photoelectron spec-
troscopy upon optically pumping different constituents of the heterostructure, we establish a technique that
probes the electron propagation and its energy relaxation simultaneously. In our approach, a near-infrared
pump pulse excites electrons directly either in the Au layer or in the Fe layer of epitaxial Au/Fe/MgO(001)
heterostructures while the transient photoemission spectrum is measured by an ultraviolet probe pulse on the Au
surface. Upon femtosecond laser excitation, we analyze the relative changes in the electron distribution close
to the Fermi energy and assign characteristic features of the time-dependent electron distribution to transport
of hot and nonthermalized electrons from the Fe layer to the Au surface and vice versa. From the measured
transient electron distribution, we determine the excess energy, which we compare with a calculation based
on the two-temperature model that takes diffusive electron transport into account. On this basis, we identify a
transition with increasing Au layer thickness from a superdiffusive to a diffusive transport regime at 20-30 nm.

Ultrafast transport and energy relaxation of hot electrons in Au/Fe/MgQO(001) heterostructures
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I. INTRODUCTION

The propagation of electric currents in metals and semi-
conductors is on a microscopic level determined by scattering
of charge carriers with themselves, with crystal defects, and
with phonons. At interfaces the electronic structure changes
abruptly and the necessary energy and/or momentum transfer
of charge carriers is mediated by interaction with secondary
charge carriers and/or phonons. In case of pseudomorphic
interfaces without defects, hybrid electronic wave functions
develop, which conserve energy and momentum at selected
points in the electronic band structure E (k) across the in-
terface. In the more general case with defects, electron and
momentum changes across the interface are compensated by
inelastic and elastic scattering processes, respectively. There-
fore, charge injection and charge carrier multiplication across
interfaces is an interesting problem, which is relevant in
various energy conversion applications [1]. In case of spin-
polarized currents across such interfaces, generated by, e.g.,
charge carriers excited in ferro- or ferrimagnetic emitters,
spin-dependent dynamic properties occur and spin filter ef-
fects are a typical example [2].
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Analysis of the femto- to picosecond dynamics of opti-
cally excited, hot charge carriers in condensed matter provides
microscopic information on the interaction processes, which
these charge carriers experience in the relaxation process
[3-5]. To achieve such a quantitative understanding, it is
essential to distinguish transport effects, which spatially re-
distribute the excited electron density leading to transient
inhomogeneous situations, and spatially homogeneous relax-
ation.

Transport phenomena arise from driving forces such as
gradients in occupation number. A gradient in the hot elec-
tron density, which can be excited by optical absorption of
femtosecond laser pulses within the optical absorption depth,
drives electron currents. The latter can be either ballistic or
diffusive depending on the ratio between scattering length and
sample size. A gradient in temperature results in heat flow
[6,7]. Such transport effects have been observed in early stud-
ies [8], and were empirically [6] as well as microscopically
[9] taken into account in theoretical modeling. While these ef-
fects are particularly relevant in surface sensitive experiments,
e.g.. time-resolved photoemission [10—13] and surface second
harmonic generation [6], they also facilitated separation of
transport from relaxation effects in linear optical experiments
due to differences in depth sensitivity of the real and imagi-
nary part of the optical response [14].

Brorson et al. [8] have established a direct experimen-
tal approach to distinguish transport (nonlocal effects) from
relaxation (local effects) in pump-probe experiments by
pumping and probing at opposite or identical sides of the sam-
ple of interest, respectively. The resulting transient electronic
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population can modify chemical bonding of molecules on
surfaces in catalytic surface reactions [11,15]. The back-side
excitation geometry allows to pump the system exclusively
by hot electrons contrary to optical excitations, which in-
volve initial states in, e.g., HOMO-LUMO transitions of
adsorbed molecules. More recently, this backside pump ap-
proach was used by Melnikov et al. to investigate spin currents
in Fe/Au heterostructures [16—19] by linear and nonlinear
optical pump-probe experiments and by Bergeard et al. [20]
to analyze hot electron induced demagnetization of Co/Pt
heterostructures by linear optical means. In a more recent
work, ballistic charge carrier propagation has been investi-
gated in such a configuration in perovskite thin films [5],
however, without energy-dependent information on the scat-
tering processes. Such spectroscopy was demonstrated in
time-resolved two-photon photoemission experiments on epi-
taxial heterostructures Au/Fe/MgO(001) in which the pump
pulse excited the Fe and the photoelectrons were emitted
from the Au surface [21]. In this work, we demonstrated
that achieving ballistic currents in these samples is challeng-
ing because the time scale for ballistic propagation through
the sample at the Fermi velocity is close to the average
electron-electron scattering time, which were reported earlier
[4,22]. In such a case, the electronic transport is considered
to be super-diffusive rather than ballistic [9]. Moreover, the
spin-dependent dynamics in such heterostructures consisting
out of ferromagnetic metals and heavy metals are exploited
as THz emitters due to the spin-dependent currents across
these interfaces [23]. Understanding the spatiotemporal elec-
tron distribution might facilitate a microscopic understanding
in these emission processes and help to distinguish spin-
polarized charge vs. magnon currents.

In this paper, we report our results on time-resolved linear
photoemission spectroscopy (tr-PES) performed on epitaxial
Au/Fe/MgO(001) heterostructures of different Au thick-
nesses. In these measurements, the photoemission spectrum
of the Au layer in the vicinity of the Fermi energy (Eg) was
probed while carriers were excited either directly in the same
Au layer or in the nearby Fe layer. We analyze the dependence
of the hot-electron dynamics as a function of the Au layer
thickness and identify signatures of electronic transport in
the nonequilibrium electron distribution function, which we
discuss on the basis of the time-dependent excess energy.

II. EXPERIMENTAL DETAILS

The samples under study are epitaxial Au-Fe heterostruc-
tures grown on a transparent MgO(001) substrate using
molecular beam epitaxy. A schematic of the sample is shown
in Fig. 1(a). In a preparation chamber, Fe(001) was grown on
the MgO(001) substrate, which was followed by growth of
Au(001). Note that the in-plane axes of both layers are rotated
by m /4 with respect to each other to minimize the lattice
mismatch between Fe and Au and facilitate pseudomorphic
growth [24,25]. The MgO allows for an almost transpar-
ent path for direct optical excitation of the Fe layer in the
pump-probe measurements. The thickness of the layers was
determined by AFM and depth analysis of grooves through
the whole film stack, which was prepared by a needle. In
this work, three different Au layers of thickness da, = 5 nm,
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FIG. 1. (a) Schematic of the sample configuration along with
the two pump and probe configurations used in the measurement of
the #7-PES with an electron time of flight spectrometer (e-TOF). A
1.53 eV infrared pump beam excites carriers directly either in the
Au layer (Au side) or in the Fe layer (Fe side) while a 6.13 eV
UV pulse always probes the Au surface. (b) Energy diagram of the
tr-PES measurement with a time delay At between the pump and
probe pulses, Ey,. is the vacuum energy, Er is the Fermi energy
of the metallic heterostructure and Ej;, the kinetic energy of the
photoelectrons.

15 nm, and 28 nm were investigated. The Fe layer was kept
at a fixed thickness dg. = 7 nm. The time-resolved photoelec-
tron spectroscopy measurements were carried out after sample
transfer through ambient conditions into the vacuum chamber
equipped with the photoelectron spectrometer under ultrahigh
vacuum conditions in two different pump configurations, see
Ref. [26] for a detailed description of the photoemission setup.
The schematic of the pump and probe configurations are
shown Fig. 1(a). In the Au-side configuration, both the pump
and probe pulses arrive directly on the Au surface. In the
Fe-side configuration, the pump pulse reaches the Fe layer by
entering through the MgO substrate while the probing is still
done on the Au surface, spatially separating the electron exci-
tation from the probe at the surface. The infrared pump pulses
at 1.53 eV used in the #-PES measurements were obtained
directly from the output of a Ti:Sapphire amplifier (Coherent
RegA 9040) operating at a repetition rate of 250 kHz. The
spectral width of the pump pulse was 70 meV full width
at half-maximum (FWHM). The 6.13 eV probe pulses were
obtained by generating the fourth harmonic of the fundamen-
tal 1.53 eV beam using two consecutive second-harmonic
generations in a Beta barium borate crystal (8-BBO). Both
the pump and probe beams were p polarized. The angle of
incidence of both the pump and probe beams on the sam-
ple were close to 45°. In the Fe-side pump configuration,
the pump beam has an incidence angle of 45° towards the
sample and 90° with respect to the probe beam. The pump
fluence used in all the measurements was about 100 pJem 2.
It was limited by photoelectron emission due to multiphoton
absorption of the pump pulse. The typical FWHM of the pump
beam was usually between 100—150 pem with the probe beam
focus being roughly 30% smaller to ensure homogeneous
excitation. The kinetic energy of the photoelectrons emitted
by the sample within an angle £11° to the surface normal
was collected and measured using a time-of-flight electron
spectrometer (e-TOF). The photoemission process in the Au
layer is illustrated by Fig. 1(b). All the measurements were
carried out at room temperature. The time resolution of the
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FIG. 2. The calculated relative pump light intensity with respect
to the incident light field (dashed lines, left axis) and the relative
absorbed pump light intensity (solid lines, right axis) as a function
of Au layer thickness for (a) Fe-side and (b) Au-side pumping. The
Fe layer thickness is fixed at 7 nm. The maximum in absorption
intensity in (b) is higher at the interface because of the change in
optical constants for a change in layer sequence.

setup was determined by measuring the temporal width of
the highest electrons in the correlated photoemission signal,
which was found to be below 100 fs.

To understand to what degree absorption of the pump pulse
occurs in the Au and Fe layers, we calculate the electric field
inside the material in both pump configurations using the
IMD software [27] and derive the absorbed power P(z) in the
different constituents

P(z) = n()I(z) = n(@)E@)]° = n(@x)e™, ey

with z being the distance from the Fe-Au interface along the
normal direction, « the absorption coefficient, /(z) the inten-
sity, E(z) the electric field and n(z) the refractive index of the
material. The power in the layer stack is given by the real part
of the Poynting vector. Figure 2 depicts the relative intensities
for Fig. 2(a) Au-side and Fig. 2(b) Fe-side pumping, as well as
the relative absorbed power, which we obtained by subtracting
the transmitted field and normalizing the incoming intensity
to 1 because we are only interested in the attenuation of
the field by absorption. To determine the spatial distribution
of the optical absorption in the heterostructure, we used the
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FIG. 3. Photoemission intensity lpgs(£) measured on the Au
surface of the Au/Fe/MgO(001) heterostructure with da, = 5nm
at two different time delays for Fe-side (black) and Au-side (red)
excitations. The photoemission spectra measured much before the
arrival of the pump pulse are shown in light colors while the spectra
obtained at time zero are shown in full colors. The spectra are
normalized at E — Egp = —0.1eV. The incident pump fluence used

in the experiment was about 100 zJem 2.

pump photon energy E = 1.53eV, the angle of incidence
6 = 45°, the p polarization of the light, the refractive indices
nau(1.53 eV) = 0.08, ng.(1.53 eV) = 3.02 and the extinction
coefficients ka,(1.53eV) =4.69 kg.(1.53eV) = 3.72 [28]. We
find that in case of Fe-side pumping the absorption is almost
exclusively occurring inside the Fe layer: 99% for dyy, = Snm
and 94% for da, = 28 nm. The case for Au-side pump is
more involved. In the bottom panel of Fig. 2 we recognize a
strong variation in the relative intensity at the Fe-Au interface
because of the change in refractive index. The thicker the Au
layer is, the stronger the light field is attenuated in Au when it
reaches Fe. The intensity that reaches Fe decreases with du,.
At day = 5nm, 11% of the pump is absorbed in Au, while
the majority is absorbed in the Fe layer. For da, = 28 nm, the
absorption of the pump mostly occurs in the Au layer and for
day = 15nm around 40% is absorbed in Au and 60% in Fe.
We note that a systematic comparison of the pump-induced
dynamics as a function of da, should be done for compara-
ble pump conditions, i.e., Fe-side pumping. Au-side pumping
distributes the pump energy in a nontrivial manner across the
layer stack.

III. EXPERIMENTAL RESULTS

Figure 3 shows the recorded photoelectron spectra Ipgs(E)
for day = 5 nm well before the pump pulse arrival At = —o0,
which we term ISES (E), and at temporal pump-probe overlap
At = 0. Results for the cases of Fe- and Au-side excitation
are depicted. The measured photoemission spectra contain
signatures of photoexcited holes at E — Er < 0eV for both
configurations. However, in the present paper we discuss the
changes above Er due to the better statistics of the data, which
allows for a detailed analysis. For energies above Ef, the spec-
trum at At = —oo follows a Fermi-Dirac distribution taking
into account spectral broadening due to the ultraviolet fem-
tosecond probe laser pulse with a bandwidth AE = 60 meV
and room temperature, where the data were recorded. The
difference in the low-energy cutoff near £ — Er < —1¢V,
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FIG. 4. Pump-induced changes in the time-resolved photoemis-
sion intensity Alpgs(At) at energies above the Fermi level for Fe-side
(a), (¢), (e) and Au-side (b), (d), (f) pumping for the three different Au
layer thicknesses da, = 5, 15, and 28 nm. The incident pump fluence
was 100 uJem™2. Spectra recorded at delay times in between the
depicted ones were averaged symmetrically to improve the statistics
and the variation in the time delays between the depicted spectra
represent the statistics of the original data sets.

which is determined by the work function, is explained by
the different positions on the Au surface at which the spectra
were recorded and local variation in the work function. With
the absorption of the infrared pump pulse, electrons in the
states up to 1.53 eV below Ep are excited to states up to
1.53 eV above Eg. One can clearly recognize this absorp-
tion by the increase in photoemission intensity relative to
before the pump-pulse arrival by an order of magnitude to
10~* at At = 0 in that energy range. Note that the spectra at
At = 0 for Fe- and Au-side pumping are found to be almost
identical for the 5 nm thick Au layer. For the further discus-
sion the pump-induced changes in the photoelectron spectra
Alpgs(E, At) = Ipps(E, At) — I9:4(E) are calculated.

In Figs. 4(a), 4(b) we show Alpgs(E, At) at selected delay
times for Fe- and Au-side excitation of the heterostructure
with da, = 5nm. Such measurements were also performed
for day = 15,28 nm and are also shown in Fig. 4. In all the

samples and independent of the side of excitation, the absorp-
tion of the pump pulse causes significant changes in Alpgs in
the energy range of 0—1.5 eV at At = 0. The time-dependent
evolution Alpgs(At) strongly depends on the electron energy
and proceeds differently above and below E-Er = 0.5eV. We
distinguish two contributions. At higher energies, the transient
electron distribution depends exponentially on energy and re-
laxes with increasing At. The second contribution occurs for
E — Ep < 0.5eV and contains about one order of magnitude
more electrons per energy. Further, up to nearly 100 fs the
overall distribution is clearly nonthermal, i.e., it deviates from
a Fermi-Dirac distribution.

In order to compare the difference in the temporal re-
sponse at various energies, we plot the time-dependent change
in photoemission intensity, Alpgs(E, At), for selected en-
ergies in Fig. 5 for Fe- and Au-side excitations of the
heterostructure with da, = 28 nm and dg. = 7nm. We ob-
serve that the magnitude of Alpgs of the low-energy electrons
of the Fe-side pump case is much higher, it increases slowly
reaching a maximum at a delay time of 100 fs, relaxes
within 800 fs, and has a weak pedestal at longer delays.
In the Au-side pump case, Fig. 5(b), the change in photoe-
mission intensity is much weaker compared to the Fe-side
case, even though we are directly probing the pumped
region. Further, the maximum Alpgs at all energies are
reached almost at zero time delay and they all decay faster.
Thus, the behavior of the low-energy electrons of the Fe-
pumped case is very different from all others. To investigate
this effect in more detail, we calculate the time-dependent

033239-4



ULTRAFAST TRANSPORT AND ENERGY RELAXATION OF ...

PHYSICAL REVIEW RESEARCH 4, 033239 (2022)

Fe-side pump Au-side pump
60 — I 1 1 1 1 n 1 n 1 PR 1 1 1 1 1 1 1 1 1 60
@) in - gg) (d) --o-
i dp,=5nm o5 dpy =5nm 05
— £ €01
s — g [40
- -, 2.0
S—_——
@ T LA L L | T
o
~ L 1 1 1 1 L
S e €18
g @ G=t5am I
g T — &3 1.0
5 — &3
£
< - 0.5
5 A
< .
o 0.0
2 T LA B B B B
[}

0.0 0.5 1.0 0.0 0.5 1.0
delay time At (ps)

FIG. 6. The time dependence of the energy densities € calculated
at different energy ranges using Eq. (2) for the Fe-side (a)—(c) and
Au-side (d)—(f) excitation. The determined € can be compared quan-
titatively for the different experimental datasets. The green traces
are energy densities calculated by an adapted two-temperature model
(TTM) and convolved with a 80 fs FWHM Gaussian pulse. They are
scaled to the experimental data by a factor, see text for details.

energy content at low- and high-energy regimes from these
data.

The energy and time-dependent relative change in the elec-
tron population An(E, At) is assumed to be proportional to
the measured Alpgs. The time-dependent energy content in a
given energy range E; to E; is then calculated by [11],

g2 (Ar) =cf

E,

Es
An(E, At)(E — Ep)dE, )

where C is a proportionality constant, which depends on
photoelectron detection efficiency. It is determined by the
photoemission matrix element and geometric factors of the
setup. Since the probing geometry and photon energy are kept
constant for all measurements reported here, the integrals in
Eq. (2) resulting for the different data sets can be compared
among each other. Therefore, egf represents a normalized
quantity, which provides access to the relative excess energy
content.

In Fig. 6, we show these time-dependent energy densities,
the total measured energy density eé_'f in the full energy range
(0.1-1.5 eV), eg_f for the lower-energy excited electrons, and
e('):g for the higher-energy excited electrons of all samples and
both pump configurations. In all the cases, the €} plotted in
Fig. 6 shows arise of the excited carriers at time zero with the
arrival of the pump pulse followed by a decay at later times.
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FIG. 7. (a) Combined false color and contour plot of the cal-
culated electron temperature by using the two-temperature model
(TTM) as detailed in the text for dg, = 7nm and d,, = 100 nm. Two
contour lines are separated by 10 K. The horizontal axis describes the
position z along the interface normal; z < O represents Fe and z > 0
the Au layer. The change with At is plotted along the vertical axis.
The electronic heat is generated by an instantaneous increase of 7, in
Fe from 300-500 K. (b) Temperature transients at indicated values
of z as a function of Az. z = 0 refers to the Fe/Au interface. (c) Time
evolution of the electron temperature at selected z. (d) Low-energy
density €)} for Fe-side pumping of da, = 5, 15, 28 nm and Au-side
pumping of ds, = Snm. The data sets are scaled to each other to
match at Ar = 0.5 ps.

A comparison of the measured total energy density shows
that for one selected pumping geometry the maximum €/
reduces with the increase in the Au layer thickness. Further,
the maximum 65:? is always higher for the Fe-side pumping
if compared to that of corresponding data for Au-side excita-
tion. These observations are well explained by the absorption
calculations discussed earlier in Fig. 2. The pump absorption
is much larger if electrons are excited in Fe compared with
Au-side pumping. Apart from the case of da, = Snm, the
decay is slower for the Fe-side excitation when compared to
that of Au-side excitation. In case of da, = 5nm the decay
occurs on identical time scales for both pumping configu-
rations, see Fig. 7(d) for a direct comparison. These slower
decaying cases always show a delayed maximum in €7 with
respect to time zero. Further, we find that for all da, in the
Fe-side pump configuration eé_g decays faster and is lower in
magnitude when compared to that of the corresponding 68;{5
(Fig. 6). Thus, after a buildup of low-energy electrons due to
scattering of high-energy electrons, the low-energy electrons
(< 0.5 eV) comprise the majority of the measured energy
density.
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IV. TWO-TEMPERATURE MODEL

We compare the observed electron-propagation dynamics
in case of Fe-side pumping with model predictions in the limit
of thermalized electron distributions as a function of At and
position z along the interface normal direction. To this end,
we adopted the two-temperature model (TTM) by Anisimov
et al. [29] by (i) considering Au and Fe films of thicknesses
day and dg., respectively, and (ii) assuming that the optical
excitation occurs exclusively in Fe following the dominant
pump absorption in the Fe layer for Fe-side pumping, see
Fig. 2. We, furthermore, assume that the electrons in Fe in-
stantaneously reach an electron temperature 7, = 500 K. We
obtained this value by fitting a Fermi-Dirac distribution func-
tion to the time-dependent photoemission spectra in Fig. 4 at
At = 100 fs. We take material parameters for Au and Fe into
account as detailed below. The TTM takes e-ph interaction
and diffusive heat transfer into account as described by the
coupled differential equations [15,29,30],

0T, d 0T,
CT)— =S(At,2) — (T, =T+ —(k—), 3
ot 0z 0z
T,

G 5 = 8T — 1), “
where C, = yT, and C; are the electron and lattice spe-
cific heat capacities, respectively, « is the electronic part of
the thermal conductivity which is responsible for diffusive
electronic transport in the Au layer. The e-ph interac-
tion is modeled by e-ph coupling constants g taken from
literature: ga, = 2.3 x 10 Wm K=" [8] and gr =9 x
107 Wm—3K~! [31]. The difference in the e-ph coupling con-
stants is linked to the larger electronic density of states at the
Fermi energy in iron compared to gold [32]. Diffusive heat
transport driven by the gradient 97;/9z is discarded because
it proceeds on time scales >100 ps, which are not discussed
here. The reason is that 7; and d7;/0z are considerably smaller
than the respective values for 7,. S(z,?) is the source term
determined by the energy C, T, deposited in Fe. The electronic
thermal conductivity « is taken as temperature dependent
[15]: k(T,) = koT,/T;. Since the Debye temperature of Au
is 165 K, we used the high-temperature value of CIA“(T —
00) = 33 Jmol'K~! [33]. For Fe, whose Debye tempera-
ture is 460 K, we take the room temperature value CIFC(T =
300K) = 26 Jmol~'K~! [34]. Using further literature values
for Au and Fe «{" = 317Wm 'K, A" =71 Jm K2,
kte =80 Wm™'K~!, yF® = 764 Im K2 [35], the transient
electron temperature was calculated. Figures 7(a)-7(c) de-
pict the results of this calculation for a gold thickness of
day = 100 nm, which enables us to simultaneously discuss the
experimental results of different gold thickness.

With increasing time delay, we observe the cooling of
the electron system in Fe driven by e-ph coupling which is
very efficient and occurs already around 100 fs, see z < 0
in Fig. 7(a). Simultaneously, electron diffusion is driven by
dT,/0dz across the Fe-Au interface and increases T, in Au, see
z > 0 in Figs. 7(a), 7(b). The cooling of T, in Au is slower
than in Fe because the e-ph coupling in Au is almost 40 times
weaker than in Fe. The combination of diffusive electron
transport and e-ph coupling determines effective finite time
and length scales of diffusive electron transport, which in-

crease T, within 200 fs and 100 nm by approximately 50 K as
discussed in the following. Since in Au the electron transport
is faster than e-ph coupling, 7, increases on a second, longer
time scale for larger distance to the Fe-Au interface and for
later delays, see the data for 0.5 and 1.0 ps in Fig. 7(b).
In agreement with this interplay between e-ph coupling end
electron diffusion, Fig. 7(c) indicates that the maximum 7,
shifts to later Ar with increasing z. At a distance of 43 nm to
the Fe-Au interface the maximum 7, is found at At = 190 fs,
while it occurs at 28 nm distance at 110 fs.

A more detailed look suggests to distinguish two regimes
of the relaxation dynamics, i.e., the cooling of T, in Au as a
function of z. First, for z < 20 nm, i.e., within Au close to the
Fe-Au interface, the relaxation in Au is almost as fast as in
Fe, which is explained by electron transport from Au back to
Fe. This is driven by the faster e-ph coupling in Fe compared
to Au, which reduces 7, in Fe and results in 97,/9z of the
opposite sign compared to initial diffusive electron transport
into the Au. Within these spatial and temporal regimes diffu-
sive electron transport from Au to Fe occurs and the excess
energy in Fe decays too fast for the electrons to couple to
phonons in Au and electrons in Au transfer back to Fe and
couple to phonons in Fe. This explains why 7, in Au very
close to the interface relaxes much faster than in bulk Au [6]
and emphasizes that for z < 20nm the relaxation of 7, and
€, is determined by electronic transport effects. Second, for
z > 70nm, the electron temperature reaches a maximum in
Au at 300 fs and e-ph coupling in Au is a relevant channel
for energy dissipation because at these larger z the distance to
Fe is too large to compete by diffusive electron transport to
Fe with the local e-ph coupling in Au. Third, in between, for
20 nm < z < 70 nm, there is a transition from the low-z to the
high-z regime.

V. DISCUSSION

Since the probing occurs at the Au surface for both pump
geometries, the experimental results reported above for Au-
side and Fe-side pumping allow for a direct comparison of
hot electron dynamics that is driven by electrons injected
at a defined distance into the Au layer with dynamics that
is optically excited at the Au surface. The measured energy
distribution of the photoexcited electrons above Ef, see Fig. 4,
exhibits two interesting features for da, = 15, 28 nm. (i) The
results for Au-side pumping is characterized by an electron
population loss at £ — Er > 0.5¢eV. For Fe-side pumping the
population relaxes above 0.5 eV as well, but below 0.3 eV
the population increases during the first few 10 fs, in contrast
to data for Au-side pumping. (ii) The distribution change with
increasing At indicates a stronger trend towards a thermalized
electron distribution for Fe-side than for Au-side pumping.
Both observations are in good agreement with the assignment
of an excess energy loss of hot electron distributions to trans-
port effects in previous time-resolved photoemission studies
on Ru(001) [11]. The hot electrons excited at the Au surface
propagate into the depth of the Au film and into Fe, which
leads to a loss in the time-resolved photoelectron intensity
since photoemission is a surface sensitive probe. In case of the
Fe-side pumping, the hot electrons scatter with other electrons
while they propagate through the whole Au layer and are
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monitored in the spectrum at a lower electron energy, closer to
a thermalized distribution. Nevertheless, the observed electron
distributions still feature nonthermal contributions up to At =
300 fs. The case of da, = 5 nm differs characteristically from
this behavior because the optical transmission of the pump
pulse through the very thin Au layer for Au-side pumping
and its absorption in Fe still induces the dominant hot electron
fraction, see Sec. II.

This scenario is in good agreement with our analysis of the
time-dependent energy density shown in Fig. 6. For Au-side
pumping and da, = 15, 28 nm, the excited energy density is
completely dissipated within 250 fs while for Fe-side pump-
ing a remnant pedestal at 1 ps is found, that we assign to
phonons excited by e-ph coupling. Moreover, in case of Au-
side pumping the high-energy fraction of the energy density,
ie., €3, accounts for about half of the total )7, while for
Fe-side pumping this fraction is with about 20% much weaker.
This behavior confirms the dominant contribution of scattered
electrons in case of Fe-side pumping and motivates the com-
parison of the experimental results for Fe-side pumping with
the TTM calculations introduced in Fig. 7. In Figs. 6(a)—
6(c), we compare the measured energy densities with those
determined by the two-temperature model, which were cal-
culated by using a thermalized pump-induced change in the
population change An in Eq. (2) for the da, investigated in
the experiment. The temperature of that population change
was taken from the two-temperature model calculations and
are depicted by the green lines. The relaxation of measured
time-dependent energy densities egf follows the modeled
transient behavior. We find that the smaller dy, is, the larger
the deviations between experiment and the model become.
For da, = 28 nm, experiment and model match quantitatively.
We conclude that for day, = 5, 15 nm the scattering pathway
through the Au layer is not sufficient to reach a diffusive limit
and we consider that electronic transport processes from Au
to Fe, see above, which are faster than the purely diffusive
contribution in Eq. (3), are responsible for this behavior. In
this limit, our observations agree with reports in the litera-
ture by Battiato et al. that conclude on the importance of
superdiffusive transport under similar conditions as discussed
here [9] and our own previous work [21]. For da, = 28 nm,
the agreement between experiment and the model suggests
that the transport proceeds diffusively and scattering in these
thicker films is found to be sufficient to reach this limit.

In Fig. 7(d) we replot the measured 68_'15 for all du, af-
ter multiplication with factors such that the data match at
At = 0.5 ps, which works well within the experimental un-
certainty. Due to the rather small changes in T,, we discard
here the resulting variation in the temperature-dependent elec-
tronic specific heat and compare the scaled energy density in
Fig. 7(d) with the calculated electron temperature in Fig. 7(c).

We find that the experimental and theoretical results agree
well qualitatively regarding the coinciding transient behav-
ior for different da, at At > 0.5 ps. Also, the maxima in
egjls(At, day) recede to almost half for a change in da, from
5-28 nm in good agreement with the prediction of the cal-
culation. However, the time delay at which the maxima in
egjls(At, day) occur for different dp, show a monotonous in-
crease in At in case of the calculations. In the experimental
results the time delay of the maxima for € with increasing
day appears as nonmonotonous. Such deviations from the
model behavior could indicate transport effects beyond the
diffusive limit for the two thinner layers in agreement with the
conclusions above from the energy relaxation. We expect that
future experiments will allow more gradual variation in day,
an improved time resolution to monitor the primary energy
injection from Fe to Au, and usage of higher pump fluences to
provide improved data quality in order to distinguish diffusive
and superdiffusive regimes more rigorously.

VI. CONCLUSION

In this work we reported experimental results obtained in
linear femtosecond time-resolved photoelectron spectroscopy
of epitaxial heterostructures Au/Fe/MgO(001) for different
pump excitation geometries. The pump pulse either reaches
the Au or the Fe-side of the heterostructure while probing
always occurs at the Au surface. We draw conclusions from
the measured time-dependent photoelectron emission spectra
regarding the transient electron distribution and scattering. In
addition, we determined the transient excess energy density
from these distributions, which is dissipated to the largest
extent within 1 ps for Fe-side pumping and within 300 fs for
Au-side pumping. The Fe-side pumping results are compared
to a calculation by the TTM, which predicts spatiotemporal
dynamics under the consideration of e-ph coupling and dif-
fusive electron transport. We conclude that electron transport
dynamics proceeds close to a diffusive limit, but at a Au layer
thickness of 20-30 nm a transition from a superdiffusive to a
diffusive regime was identified based on the comparison of the
modeled and the measured energy relaxation. Our experimen-
tal approach gives clear insight that hot electrons propagate
through the sample.
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