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Understanding the microscopic spatio-temporal dynamics of nonequilibrium charge carriers in het-
erosystems promises optimization of process and device design towards desired energy transfer. Hot
electron transport is governed by scattering with other electrons, defects, and bosonic excitations. Anal-
ysis of the energy dependence of scattering pathways and identification of diffusive, superdiffusive, and
ballistic transport regimes are current challenges. Beyond our previous studies on the Au/Fe(001) het-
erostructure, in this work, we determine the energy-dependent change of the electron propagation time
through epitaxial Au/Fe(001) heterostructures as a function of Au layer thickness. We do so by employing
femtosecond time-resolved two-photon photoelectron emission spectroscopy for energies of 0.5–2.0 eV
above the Fermi energy. We describe the laser-induced nonequilibrium electron excitation and injection
across the Fe/Au interface using real-time time-dependent density functional theory and analyze elec-
tron propagation through the Au layer by microscopic electron transport simulations. We identify ballistic
transport of minority electrons at energies with a nascent optically excited electron population, which
is determined by the combination of photon energy and the specific electronic structure of the material.
At lower energy, superdiffusive transport with 1–4 scattering events dominates. The effective electron
velocity accelerates from 0.3 to 1 nm/fs with an increase in the Au layer thickness from 10 to 100 nm.
This phenomenon is explained by electron transport that becomes preferentially aligned with the interface
normal for thicker Au layers, which facilitates electron momentum or energy selection by choice of the
propagation layer thickness.

DOI: 10.1103/PRXEnergy.2.043009

I. INTRODUCTION

Optically excited processes are widely used in energy
conversion applications. In photovoltaic devices, electron-
hole pairs, which are excited by photon absorption, are
spatially separated to induce a voltage. To increase the
photovoltaic efficiency, conversion of a single photon into
more than one electron-hole pair by carrier multiplication
is widely discussed [1,2]. A similar issue appears in pho-
tocatalysis and photolytic water splitting [2]. An essential
aspect is that optical excitations lead to nonequilibrium
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phenomena. On one hand, these conditions allow for car-
rier multiplication by carrier-carrier scattering, since the
photon energy, hν, of the optical excitation is larger than
the energy gap in the electronic structure. On the other
hand, nonequilibrium conditions challenge our under-
standing of steady-state operation. An understanding of the
microscopic spatio-temporal dynamics of carrier-carrier
scattering, in which transport of excited carriers and their
scattering with other charge carriers proceed simulta-
neously [3], is therefore of great interest for improved
energy-related applications. Properties like the ballistic
mean free path of optically excited carriers can be mea-
sured in thin films by pump-probe experiments when the
pump and the probe step are spatially separated [4].

A related problem occurs in photoinduced switch-
ing of magnetization in spin valves, by femtosecond
laser pulses, that aims to reduce energy consumption in
data storage technology [5]. The magnetic moment of a
ferromagnet can be spatially redistributed in superdiffusive
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spin transport of optically excited carriers across interfaces
[6,7]. Thereby, a spin-transfer torque can be induced [8],
which may lead to magnetization reversal [5] at reduced
energy compared to thermodynamic magnetization rever-
sal. Furthermore, the combination of electronic excitations
of layered systems has further potential regarding terahertz
(THz) radiation generation [9]. In such systems, electronic
excitations, which are induced optically in a ferromagnetic
layer, the emitter, are transferred across an interface to
another layer, the collector, which is electronically strongly
interacting with the initially excited layer. For such phe-
nomena, the energy-dependent scattering rate and length
of optically excited carriers in heterosystems are essential
because they determine the energy and momentum redis-
tribution in these structures and have an impact on carrier
multiplication.

Figure 1 depicts ballistic, superdiffusive, and diffusive
transport regimes for an electron that is injected across
an interface between an emitter and a propagation layer.
For ballistic propagation, the electron passes across the
layer at constant initial energy and momentum without
scattering. In the superdiffusive regime, a small number of
scattering events occur during electron propagation with
corresponding energy and momentum changes. The sec-
ondary electrons generated in electron-electron scattering,
which ensure energy and momentum conservation, are not
indicated in Fig. 1. In the diffusive regime, a very large
number of scattering events occur. Following Brownian
motion, the variance of a single particle distribution in
space grows during thermal diffusion linearly with time,
whereas, in the ballistic regime, it is the traveled distance
that grows linearly with time. Both regimes are bridged
by superdiffusion, in which the anomalous diffusion coeffi-
cient changes between 1 and 2 in a time-dependent fashion
[10]. Although Fig. 1 suggests that with increasing thick-
ness, d, the transport regime changes from ballistic to
diffusive, this is not the full picture, and a more detailed
analysis is required. In the ballistic regime, the maximum
angle, θ , with respect to the interface normal of the prop-
agating electron is determined by d = l cos θ , where l is
the distance between two scattering events. Accordingly,
it is the angular distribution of the propagating electrons
rather than d that is essential for the transport regime. For
a microscopic understanding of transport phenomena, an
analysis of the number of scattering events of electrons
at energy E and their angular distribution under optically
excited nonequilibrium conditions is desired.

In several previous studies, we established the epitax-
ial Au/Fe/MgO(001) heterostructure as an ideal material
system to analyze ultrafast transport phenomena of opti-
cally excited electrons and spins [7,8,11–14]. In this work,
we analyze the electron-propagation dynamics of optically
excited electrons in the time domain by combining ab
initio electronic structure theory in the real-time domain
and microscopic transport simulations with femtosecond
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FIG. 1. Schematic electron scattering trajectories for ballistic,
superdiffusive, and diffusive transport regimes in a heterostruc-
ture with an injection layer in gray and a propagation layer in
yellow. Thickness of the latter is termed d. Here, E is the elec-
tron energy, �k is the electron momentum with an injection angle
θ , and l is the length between two scattering events.

time-resolved two-photon photoelectron emission spec-
troscopy (TR 2PPE). The Fe/Au heterostructure is con-
sidered here as a model system that facilitates achieving
microscopic insights by avoiding complications, e.g., due
to defect-induced scattering. As such, our work provides
a fundamental understanding of the microscopic mecha-
nisms in nonequilibrium electron transport for a metal-
lic heterostructure. We quantify the number of scattering
events and determine the angular distribution of scattered
and ballistically propagating electrons.

Excitations in solids in which electrons interact with,
e.g., other electrons, the crystal lattice, and/or an ordered
spin system, can be represented in the electronic band
structure by considering energy and momentum exchange
among the corresponding degrees of freedom. Measure-
ments of charge transport properties as a function of
temperature, T, have been a leading approach to ana-
lyze these interaction processes in case of their thermal
excitation. The introduction of pump-probe experiments
using femtosecond laser pulses in transport studies [15]
was an important step to measure the propagation dynam-
ics of excitations in a time-of-flight-like method, but the
direct study of the actual scattering pathway remained
a challenge. More recent femtosecond work assigned an
oscillatory time-dependent response to the superposition of
three ballistic contributions in momentum space close the
Fermi energy [16], where the inelastic electronic scattering
times are the longest according to the Fermi liquid theory.

Au/Fe/MgO(001) is a very well controlled epitaxial het-
erostructure [7,17,18] with atomically sharp interfaces.
We use femtosecond TR 2PPE [19–21] as a pump-probe
experiment. Following our recent development [12,14],
pump and probe are spatially separated on opposite sides
of the heterostructure to measure the effective velocity
in electronic transport as a function of electron energy
above the Fermi energy, E − EF, and Au layer thick-
ness, dAu, as shown schematically in Fig. 2. Due to the
detailed microscopic information that we showcase here,
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FIG. 2. Schematic of TR 2PPE spectroscopy on
Au/Fe/MgO(001). Pump pulse with a photon energy of
hν = 2 eV excites electrons in buried Fe at the back of the
sample, which scatter during propagation through Au; these
are photoemitted at the Au surface by 2hν = 4 eV photons and
analyzed in a spectrometer (not shown).

this approach will have an impact on transport experi-
ments in general. Furthermore, since Fe is ferromagneti-
cally ordered, this development is important in the field
of spintronics and the spintronic THz emitters mentioned
above [9]. In comparison to previous work on spin currents
[7,22,23] and spin filter effects [11,24], our spectroscopic
technique provides energy- and angle-dependent informa-
tion. The pump-probe measurements are complemented by
material-specific static and real-time (RT) time-dependent
density functional theory calculations (TDDFT) that pro-
vide insights into the spin-dependent excitation pattern at
the Fe/Au interface and allow us to assign the main exci-
tation peaks observed in experiments. This is coupled with
microscopic electron transport simulations to determine
the relaxation and propagation pathways of electrons to the
Au surface.

II. TIME-RESOLVED TWO-PHOTON
PHOTOELECTRON SPECTROSCOPY

A. Sample preparation and characterization

The epitaxial Au/Fe heterostructure depicted in Fig. 2
was grown by molecular beam epitaxy on a MgO(001)
substrate. The 10 × 10 mm2 MgO(001) substrates
(MaTeck GmbH) were cleaned in an ultrasonic bath using
ethanol, isopropanol, and acetone sequentially. Carbon
contamination of MgO(001) was removed in an Ar-O2
atmosphere at p = 2 × 10−3 mbar at T = 540 K. Subse-
quently, a 7 nm film of Fe(001) was deposited at T = 460 K
followed by deposition of Au(001) at room temperature.
Pseudomorphic growth is facilitated by minimizing the lat-
tice mismatch between MgO(001), Fe(001), and Au(001)
through an in-plane rotation of the unit cells by π/4 such
that MgO[010] is parallel to Fe[110], which is parallel to
Au[010] [7,17,18]. The analyzed sample was prepared as
a stepped wedge with 17 steps in Au film thickness, dAu,
from 5 to 105 nm. Each step is 400 µm wide to allow
homogeneous pump laser excitation. The film thickness

was determined by a quartz microbalance during prepa-
ration in combination with time-of-flight secondary ion
mass spectroscopy of a twin sample. Scanning transmis-
sion electron microscopy was used [7,8] to ensure an
atomically sharp buried interface, which is crucial to avoid
scattering at the interface [12,14].

B. Experimental setup

A schematic of the TR 2PPE spectroscopy setup is
shown in Fig. 2. The pump pulses at a photon energy
of hν = 2 eV were generated from a noncollinear opti-
cal parametric amplifier (NOPA, Clark-MXR) operated at
250 kHz used in previous work [25]. Further details of the
time-resolved electron spectroscopy setup are available in
Ref. [26]. Part of the NOPA output is frequency doubled
to 2hν = 4 eV using a β-BaB2O4 crystal to generate probe
pulses. The duration of both pump and probe pulses were
determined to be less than 40 fs. The pump and probe flu-
ences on the sample are 50 and 1 µJ/cm2, respectively. The
pump pulse was made to enter through the MgO(001) sub-
strate, which was transparent to 2 eV and incident on the
Fe layer. To ensure homogeneous excitation on a single
film thickness, the pump and probe beams were focused
to a spot size with (140 ± 40)µm full width at half maxi-
mum (FWHM). Spatial overlap is determined by observing
the optical transmission of the pump pulse to the Au sur-
face on a very thin part of the Au layer, upon which the
probe beam is overlaid onto the transmitted pump beam
spot. The temporal overlap is obtained once the spatial
overlap has been established by scanning the time delay
until a two-photon photoemission signal correlated to two
laser pulses is obtained. Iterative subsequent optimization
of spatial and temporal overlap is used to maximize the
signal. The angle of incidence of both the pump and probe
pulses on the sample surface is 45◦. The angle between
the beam propagation directions of pump and probe laser
pulses is 90◦. The photoelectrons emitted from the sample
surface are detected by a custom-built electron time-of-
flight spectrometer [27] in the normal direction along z
with an acceptance angle of ±11◦ and analyzed regarding
their kinetic energy, Ekin. For metallic surfaces, the max-
imum Emax

kin in 2PPE is determined by the work function
� and hν following Emax

kin = 3hν − �. In the present study,
the intermediate electronic state is probed by a photon with
an energy of 2hν, and the energy with respect to EF is given
by

E − EF = Ekin + � − 2hν. (1)

Therefore, we access electron energies higher than 0.5
eV above EF for the photon energy used and the work
function of the sample. The samples were mounted in
an ultrahigh vacuum chamber at a base pressure of 2 ×
10−10 mbar and degassed for 24 h at 380 K, which avoided

043009-3



MARKUS HECKSCHEN et al. PRX ENERGY 2, 043009 (2023)

intermixing of Fe and Au atoms at the interface. All mea-
surements were performed at room temperature (300 K).

The fastest temporal response of highest-energy elec-
trons observed in the 2PPE signal was fit to a pump-probe
cross correlation. The time zero was assigned to the time
delay of the maximum of this response. It is worth men-
tioning that, because of the finite travel time of electrons
through the gold film, the determined time zero does not
represent the temporal overlap of the two pulses at the
pumped Fe layer, but the time delay at which the highest-
energy electrons have traversed the sample and reached the
Au surface. Note that 2PPE is surface sensitive [20] due to
the nonlinear matrix element effects. A limit of the probing
depth is estimated from the mean free path of the detected
photoelectrons to 2 nm [28]. We are not sensitive to the
absolute travel time within the Au film but to the energy-
dependent variation of this propagation time, which we
term t∗.

The experimental Fe-side pumping geometry ensures
that the electron is optically excited in the Fe layer and
propagates through the Au layer before it is detected
by photoelectron emission on the Au surface; see Refs.
[13,14] for further details and a comparison of the Fe-
side and Au-side pumping configurations. The pronounced
absorption of 2 eV pump photons in Fe compared to pro-
nounced reflection at this photon energy of Au facilitates
injection of the spatio-temporal profile of the charge cur-
rent pulse upon femtosecond laser pulse absorption in the
Fe layer across the Fe/Au interface into Au. The respec-
tive optical pump absorption profiles show that 94% of
the pump light is absorbed in the Fe layer; see Fig. 1b of
Ref. [14], which reports results for hot electron relaxation
obtained under the same experimental conditions.

C. Experimental results

In TR 2PPE, analysis of the photoelectron intensity at
a fixed energy, E − EF, allows one to determine the elec-
tronic lifetime from the exponential temporal evolution
[19,29]. This analysis was reported for Au/Fe heterostruc-
tures previously [12,14]. Here, we focus on the influence
of dAu on the electronic propagation through the Au layer.
Figure 3 depicts the TR 2PPE intensity for the Fe-side
pumping geometry as a function of energy above the Fermi
energy, EF, for selected dAu. The Fe layer thickness, dFe,
is kept constant at 7 nm. This value is a good compro-
mise between the excited number of charge carriers, which
increases with dFe as long as the thickness is considerably
smaller than the optical absorption depth and the scat-
tering length of a few nm, which leads to a relaxation
of the optically excited charge carriers towards EF [30].
Two spectroscopic signatures are observed as a function of
E − EF and assigned to different locations of their origin
based on their respective dependence on dAu. The spectro-
scopic signature at E − EF = 1.7 eV decreases in intensity

relative to the intensity maximum at 0.6 eV with increas-
ing dAu, such that, for dAu = 90 nm, it is barely visible
in Fig. 3, bottom. Time zero, t = 0, is determined by
the time delay between the two laser pulses at which the
highest-energy electrons at E − EF = 2.2 eV are detected.
The spectral signature at 1.7 eV also occurs at t = 0, as
seen in Fig. 3. The physical origin of this feature is an
interface state, which is assigned based on the real-time
time-dependent DFT calculations presented in Sec. III. The
second spectral signature at E − EF = 0.6 eV near the low-
energy cutoff is found to occur systematically at a later
time delay, t∗, the larger dAu is. Given the surface sensitiv-
ity of photoelectron spectroscopy, this behavior indicates
that with larger dAu the electron requires a longer time to
propagate through the Au layer to the Au-vacuum inter-
face. Following this hypothesis, we plot, as a function of
dAu, the time delay, t∗, at which the electrons at E − EF =
0.6 eV are detected at the gold surface; see Fig. 4.

As shown by the red data points, the dependence of
t∗ on dAu is sublinear in the investigated thickness range
from 5 to 105 nm. As a consequence, the ratio of dAu
to t∗, which represents an effective electron velocity, veff,
along the interface normal direction at E − EF = 0.6 eV,
increases with dAu, as depicted in Fig. 4 as well. The
observed dependence of veff(dAu) follows linear behav-
ior within the experimental error. This observation can
be understood as follows; also see Fig. 4, inset, for an
illustration. Upon injection across the Fe/Au interface, the
electron has a wide phase space for its propagation in Au.
Assuming an isotropic distribution of available momenta
in Au, which is a reasonable approximation, as transport
in Au is dominated by sp states in the relevant energy
range and a ballistic propagation velocity, vF = λ/τ , elec-
trons have an equal probability of propagating along the
mean free path, λ, in all directions in Au during time τ , as
sketched by the semicircle in the inset of Fig. 4. The elec-
trons are injected with an energy of approximately 1.7 eV.
Therefore, the electrons need at least one inelastic scatter-
ing event to reach an energy of 0.6 eV, which requires a
path length that is, on average, at least the length of the
mean free path, λ. This can be connected to the thickness
of the gold layer by dAu = λ cos θ , with θ as the minimum
angle to ensure one inelastic collision.

The effective velocity, veff, which for ballistic electrons
simply corresponds to the velocity component along the
interface normal direction, is given by

veff = dAu

t∗
= dAu

t1 − t0
= vF

dAu

λ − dAu
, (2)

where we assume that time t0 is set by ballistic electrons
propagating with θ = 0 through the sample and time t1 is
the time electrons with 0.6 eV need to reach the sample sur-
face. Additionally, we assume that all electrons propagate
with the same velocity, vF = 1.4 nm/fs [16,31,32], which

043009-4



SPATIO-TEMPORAL ELECTRON PROPAGATION DYNAMICS... PRX ENERGY 2, 043009 (2023)

2

1E
 - 

E
F  

(e
V

)  25 nm

2

1E
 - 

E
F  

(e
V

)

4002000
pump-probe delay t (fs)

 90 nm

2

1E
 - 

E
F  

(e
V

)  70 nm

2

1E
 - 

E
F  

(e
V

)  60 nm

2

1E
 - 

E
F  

(e
V

)

4002000

dAu = 12 nm

1.0

0.5

0.0

norm
. 2P

P
E

 intensity

FIG. 3. Time-dependent 2PPE intensity as a function of
energy with respect to EF in a false color representation for dif-
ferent Au layer thicknesses, as indicated. Data were taken in
the backside-pumping geometry, as indicated in the sketched
experimental geometry. Fe layer thickness is kept constant at
7 nm.
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FIG. 4. Left axis (red label), time delay, t∗, due to electron
propagation through Au as a function of Au layer thickness, dAu,
in red solid circles for the peak maximum in 2PPE intensity
determined at E − EF = 0.6 eV. Right axis (black label), ratio
of both quantities, t∗/dAu, which represents an effective electron
velocity along the interface normal direction, veff, as a function
of dAu in black open squares. Solid line is a linear fit to the lat-
ter data. Inset illustrates the critical angle, θ , for ballistic electron
propagation through the Au layer upon electron injection across
the Fe/Au interface. See the text for a discussion.

is a reasonable assumption in the observed energy range
[30,33]. A series expansion for small gold layer thick-
nesses, dAu � λ, gives the observed linear dependence of
veff:

veff ≈ vF
dAu

λ
= dAu

τ
. (3)

A fit to the obtained linear behavior in veff(dAu) results in
τ = (143 ± 10) fs, which is in very good agreement with
literature data for inelastic hot electron lifetimes obtained
by TR 2PPE [34]. Since it is unlikely that for all θ(dAu)

a single scattering event occurs during propagation across
the Au layer, we investigate various scattering pathways
in simulations reported in Sec. IV. These account for the
increasing width of the distribution in t for larger dAu
obtained in Fig. 3.

III. REAL-TIME TIME-DEPENDENT DENSITY
FUNCTIONAL THEORY

To obtain a microscopic understanding of the Fe-side
pump Au-side probe procedure, we carried out RT TDDFT
calculations of a Fe5/Au5(001) heterostructure excited by a
laser pulse with a photon energy of hν = 2 eV, correspond-
ing to the experimental pump pulse.

A. Method and details

The periodically repeated Fe5/Au5(001) superlattice
consists of five monolayers of bcc Fe and five monolay-
ers of fcc Au along the (001) direction. This structure was
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optimized in the framework of DFT using the projected
augmented wave method, as implemented in the VASP code
[35,36] using the generalized gradient approximation of
Perdew, Burke, and Ernzerhof [37] for the exchange cor-
relation functional, a plane-wave cutoff of 450 eV, and a
15 × 15 × 5 k mesh for reciprocal space sampling.

The electronic structure and TDDFT calculations in the
real-time domain were performed with the full-potential
linearized augmented plane-wave code ELK [38], start-
ing from the previously optimized geometry. For the
exchange-correlation functional, we have chosen the local
spin density approximation (LSDA) in the parameteriza-
tion of Perdew and Wang (PW92) [39], which shows close
agreement with the VASP calculations regarding the elec-
tronic structure in the static case. For heavy 5d elements,
such as Au, accounting for spin-orbit coupling (SOC) is
mandatory, as this considerably affects the ground state
density of states (DOS). Thus, we include SOC in our cal-
culations of the heterostructure and the respective Fe and
Au bulk systems. Spin-related processes at the interface,
such as spin-reorientation or spin-transfer torque, are not
in the focus of our investigation. Therefore, for the sake
of simplicity, we kept the spin quantization axis along the
z axis, i.e., perpendicular to the interface, and initialized
spin moments in this direction. In addition, to keep the
numerical effort manageable, we used a plane-wave cut-
off parameter, RKmax = 7, and a k-point grid of 8 × 8 ×
3, which proved sufficient in our previous investigations
[40,41].

The RT TDDFT approach implemented in ELK prop-
agates the electron density in time by integrating the
time-dependent Kohn-Sham equations [42–46]. Time-
dependent exchange and correlation were described within
the adiabatic LSDA based on the PW92 functional. In
the Kohn-Sham Hamiltonian, the electric field of the laser
pulse is coupled via the corresponding vector potential
to the momentum operator as a velocity gauge. As the
momentum of optical photons is very small, the momenta
of the excited carriers are essentially conserved, i.e., tran-
sitions can be expected to take place essentially in the
“vertical” direction in reciprocal space. To keep the cal-
culations feasible, the simulated pulses are shorter than
those in experiments. The pulse duration is limited by fold-
ing the electromagnetic wave with a Gaussian envelope
with a constant FWHM of 5.81 fs, which corresponds to
a finite width of 0.6 eV (FWHM) in the frequency spec-
trum. The maximum of the pulse with a peak power density
of Speak ≈ 5 × 1011 W/cm2 is reached at t = 11.6 fs after
the start of the simulation. The excitation process is ana-
lyzed in terms of the layer-resolved time-dependent den-
sity of states, Dσ (E, t). This quantity records the transient
orbital occupation numbers, projected onto their respective
energies in the static DOS [44]. It was employed recently
to analyze the transient carrier dynamics of a Fe/MgO het-
erostructure excited by laser pulses in the optical regime

[40,41], and allowed us to assess the relevant excitation
processes and the transfer of carriers within the first 20 fs,
i.e., after the laser pulse.

B. Results

The static layer- and spin-resolved DOS of the het-
erostructure are shown in Fig. 5. For Fe, the majority 3d
states are largely occupied and reach up to EF, whereas
the minority 3d band is partially occupied and extends up
to 2.5 eV above the Fermi level. We find a sharp peak
at about 1.7 eV in the central Fe layers and a somewhat
smoother distribution in Fe(IF). In turn, the unoccupied
majority Fe states are dominated by 4sp bands. The occu-
pied Au 5d band starts 1.5 eV below EF and shows a slight
asymmetry between majority and minority spin channels,
especially in the interface Au layer induced by the prox-
imity to ferromagnetic Fe. Above EF, Au 6s and p states
prevail, exhibiting a low DOS due to the large dispersion
of these bands. For a not too intense pulse, the ground
state (i.e., static) DOS gives a first indication where rel-
evant excitations may occur. In accordance with previous
investigations [40,41], a particularly large response should
be expected when either the initial or final states (or both)
correspond to a region of large DOS. In the dipole approx-
imation, excitations between d states are forbidden. But
in transition metals, the localized d states hybridize with
the states of the itinerant conduction electrons, leading to
a mixture of d and sp character in the density of states
of Fe. This potentially offers an increased number of ini-
tial and final states for dipole-allowed optical transitions
between states with p and d character, where peaks in the
DOS are observed. Besides, SOC may allow for spin-flip
transitions between states with equal orbital momentum as
well. For the central Fe(C) layer, we find a peak in the DOS
around +1.7 eV (above the Fermi level), which consists
mainly of minority eg states, with the orbital lobes ori-
ented along the Cartesian axes. These can be excited from
d states just below the Fermi level. States with t2g char-
acter form a broadened maximum around −1 eV (below
EF) and might be excited to the region around +1 eV by
the laser pulse. In the majority channel, eg states show a
peak at −1 eV and might thus be involved in a transition to
sp states around +1 eV, above the upper d-band edge. In
Au(C), optical excitations can be expected from the upper
edge of the d band at about −1.5 eV and below to sp states
at about 0.5 eV above EF.

As discussed above, the layer-resolved DOS (LDOS) of
both Fe(IF) and Au(IF) are modified due to the hybridiza-
tion of orbitals across the interface, which influences the
transfer of excited carriers. This is further investigated in
the RT TDDFT simulation. In this approach, the laser field
acts on the entire heterostructure. To distinguish whether
changes in occupation resulted from excitation within a
specific layer in one subsystem, or whether they resulted
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FIG. 5. Spin- and layer-resolved static DOS of the
Fe5/Au5(001) heterostructure obtained with ELK. Here, C
refers to the central layers of Fe and Au, which have the largest
distance from the interface layers (IF), while IF+1 and IF-1
denote the intermediate layers of Fe and Au, respectively.

from (back-)propagation of carriers across the interface,
we carried out additional RT TDDFT calculations of the
pristine bulk systems without interfaces, i.e., ferromag-
netic bcc Fe and non-spin-polarized fcc Au, which were
subjected to the same laser pulse.

While the experiment is not spin-resolved, the RT
TDDFT approach provides information about the par-
ticular relevance of distinct spin channels regarding the
excitation process and the transfer of excited carriers [47].
The spin- and layer-resolved changes in occupation of
the heterostructure and the respective bulk counterparts
are displayed in Fig. 6. The plot shows the difference,

Dσ (E) = Dσ (E, 20 fs) − Dσ (E, 0), between the transient
LDOS, Dσ (E, t), obtained for each spin orientation, σ , at
t = 20.2 fs, right after the pulse and at t = 0, i.e., before the
pulse has been applied. Depletion from occupied states and
accumulation in unoccupied states due to laser excitation
are denoted by red and blue regions, respectively.

Both for bulk Fe and the Fe layers in the heterostructure,
we observe a significantly enhanced number of excited
electrons in the minority channel due to the availabil-
ity of unoccupied 3d states above EF in contrast to the
majority 3d states, which lie below EF. In the minor-
ity channel of Fe(C), the excitation pattern essentially
groups into three features: one at around +1.7 eV, one
slightly above +1 eV, and a third smaller one at around
+0.5 eV. Excitation at +1.7 eV is very pronounced in
the minority spin channel of Fe bulk and the Fe lay-
ers in the heterostructure. It is not observed for bulk Au,
but we find corresponding features in Au(IF), Au(IF+1),
and Au(C) of the heterostructure; see Fig. 6. This means
that the presence of excited carriers at this energy
necessarily results from a transfer of carriers from the Fe

FIG. 6. Spin- and layer-resolved changes in transient occu-
pation numbers, 
Dσ (E) = Dσ (E, 20.2 fs) − Dσ (E, 0), of the
Fe5/Au5(001) heterostructure (description of layers as in Fig. 5)
and the corresponding Fe bulk material. Difference is taken
between t = 20.2 fs after the laser pulse and t = 0 (before the
laser pulse has been applied) for a photon energy of hν = 2 eV
and linear polarization of the electric field vector along the x axis.
For better visibility, we plot the absolute value of |
Dσ (E)|.
Blue, positive sign indicates accumulation of occupation; red,
negative sign depletion of occupation. Upper panels refer to the
majority spin channel and lower panels to the minority spin
channel.

layers across the interface. In contrast to the first two fea-
tures at +1.7 and +1.0 eV, the last one at +0.5 eV has
no correspondence in the minority spin excitation spec-
trum of bulk Fe, but we find a corresponding signature in
all Au layers of the heterostructure. This implies that the
features around +0.5 eV and below in Fig. 6 essentially
result from hybridization of the Fe and Au states at the
interface. Nevertheless, since the Fe/Au interface is much
thinner than 7 nm of bulk Fe and the pump light intensity
is primarily absorbed in bulk Fe [14], we conclude that
the electrons in 2PPE spectroscopy observed at +0.6 eV
essentially result from excitations to minority spin states
in Fe bulk at higher energies and are involved in scattering
processes after propagating through the Fe/Au interface.
This argument is supported by the experimental observa-
tion that the 2PPE intensity at +0.6 eV above EF shifts to
a later time delay t∗ with increasing dAu, while the signa-
ture in 2PPE at 1.7 eV above EF only loses intensity with
an estimated decay length of 15–20 nm in the Au layer.

IV. TRANSPORT THEORY

A. Model

In the following, we present our theoretical modeling
of electron propagation in Au. We simulate classical
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quasiballistic electron trajectories through a slab of thick-
ness dAu along the interface normal direction, z, and with
infinite lateral extent in x and y. An electron with initial
energy E is injected at z = 0. The initial energy is chosen
randomly from a Gaussian distribution,

P(E) = 1√
2πσ 2

e− (E−μ)2

2σ2 , (4)

with a mean value of μ = 1.7 eV and a standard deviation
of σ = 0.1 eV, in agreement with the experimental obser-
vation reported in Fig. 3 and the static and time-dependent
DFT results in Figs. 5 and 6, respectively. The direction of
initial electron propagation is chosen randomly with uni-
form angular distribution on the half-sphere indicated in
Fig. 4 to ensure propagation in the positive z direction.
Each electron propagates ballistically over a distance l,
which is chosen randomly from the distribution

P(l) = 1
λ

e−l/λ, (5)

where λ is the energy-dependent mean free path. In the
experimentally relevant energy range, electrons move to
a good approximation with a constant energy-independent
ballistic velocity, vF = 1.4 fs/nm [16,31,32], i.e., we do not
have to account for band structure effects when describing
electron propagation in Au. We also neglect the influence
of spin-orbit coupling on transport. The ballistic velocity
relates the mean free path, λ, to the electron lifetime, τ , via
λ = τvF [15,33]. To get an analytical and realistic energy
dependence of the electron lifetime and mean-free path,
we parameterize the experimentally determined electron
lifetime in gold [12,14,34] by

τ = τ0

1 +
(

E−EF
E0

)2 , (6)

where τ0 = 170 fs and E0 = 1 eV provide a good fit to the
data in the considered energy range. This approximation
captures the anomaly in the lifetime of gold at E − EF =
1.5 eV better than the Fermi liquid theory [34].

In our model, we assume that the electron experiences
an inelastic scattering event due to electron-electron inter-
action after having propagated for a distance l. The scatter-
ing event has two consequences, cf. Fig. 1. First, it changes
the direction of propagation. The new direction is chosen
randomly and is assumed to be isotropically distributed
in line with the random-k approximation [33,48]. After
scattering, the electron propagates again ballistically over
a new random distance l. Second, the scattering changes
the electron’s energy. We assume that scattering changes
the energy by a random amount, 
E, which is uniformly
distributed in the interval [0, E − EF]. According to Refs.
[49,50], this is a reasonable assumption in the relevant

energy range. The energy, 
E, is transferred to an elec-
tron from the Fermi sea, which, therefore, gets an energy
in the range [EF, EF + 
E], the trajectory of which is sub-
sequently also included in the simulation. The secondary
electron excited from the Fermi sea ensures energy and
momentum conservation during the scattering process.

Electron trajectories are followed in the simulation until
they reach the sample surface at z = dAu. If the electron
energy drops below a threshold value of 0.5 eV, which
corresponds to the lowest energy observed in the experi-
ment, trajectories are discarded. Furthermore, trajectories
in which the electron is scattered back to the Fe/Au inter-
face at z = 0 are discarded as well. In each simulation
sweep, we record the total path length, which is directly
linked to the propagation time, the final energy, the number
of collisions along the trajectory, and the initial direction
of propagation. In total, we simulated 107 sweeps follow-
ing the propagation of the initially injected electron across
the sample together with the trajectories of associated
secondary electrons.

B. Results

In Fig. 7, we show the probability of electrons arriving
after time t with energy E − EF at the surface for two dif-
ferent sample thicknesses. In analogy to the measured TR
2PPE intensity from Fig. 3, we refer to this probability as
the electron intensity. For both thicknesses, dAu = 0.3 λ0
and dAu = 0.6 λ0 (λ0 = vFτ0), we find that a significant
number of electrons arrives at the surface with their orig-
inal injection energy of around 1.7 eV at time t = dAu/vF.
This shows essentially that these electrons propagate bal-
listically, i.e., without any scattering through the sample in
a direction close to the z axis. Here, we highlight the quali-
tative agreement with the measured intensities from Fig. 3.
The corresponding electron intensity decays exponentially
in time, cf. insets in Fig. 7, with a relaxation time that
depends on energy, according to Eq. (6), following our pre-
vious results [12,14]. In principle, elastic scattering could
lead to similar results. It is excluded here due to the lack of
agreement between experimental and simulation results, as
discussed further in Sec. V.

For thin samples, cf. main panel in Fig. 7(a), the inten-
sity at energies below the injection energy is small. At
such energies, electrons must have undergone at least one
inelastic scattering process, which is unlikely for samples
that are much thinner than the mean free path. In con-
trast, for thicker samples, as shown in the main panel of
Fig. 7(b), there is significant electron intensity at low ener-
gies. Inelastic scattering events are more likely to happen
in this situation because the electrons propagate a longer
distance through the sample. The intensity at low ener-
gies shows a different time dependence compared to the
high-energy electrons. As seen in the insets of Fig. 7 for
energies E − EF ≤ 1.5 eV, the intensity builds up, reaches
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(a)

F

F

F

F

(b)

FIG. 7. Normalized electron intensity as a function of energy
and time for a sample thickness of (a) dAu = 0.3 λ0 and (b) dAu =
0.6 λ0 in a false color representation (λ0 = vFτ0). Insets show
the time evolution of electron intensity for depicted energies
normalized to the maximum intensity of each energy.

a maximum (the position of which depends on the sample
thickness and electron energy), and finally decays expo-
nentially. In agreement with experimental results, we find
that the most likely transit time (maxima in the insets of
Fig. 7) increases sublinearly with dAu, indicating that the
effective electron velocity, which is defined as the ratio
between the Au thickness, dAu, and time delay, t∗, cf. Eq.
(2), increases with increasing sample thickness.

To understand this effective acceleration of electrons,
see also Fig. 4, we consider electron trajectories with a
given number of inelastic scattering events separately. The
time delay, t∗, between the arrival of the ballistic high-
energy electrons at t = dAu/vF and the maximal intensity
of low-energy electrons is shown in Fig. 8 by solid lines
as a function of dAu for trajectories that undergo a given
number of inelastic collisions. The different curves all pass
through the trivial point t∗ = 0 for dAu = 0. For thin gold
layers, t∗ increases linearly with the sample thickness. For
a thicker gold layer, t∗ increases slower than this linear
trend, i.e., it grows sublinearly. The transition between

number of 

FIG. 8. Comparison of the experimentally measured time
delay, t∗, for different E − EF as a function of dAu and simu-
lated trajectories with a fixed number of collisions. Simulated
results are scaled to the SI unit system assuming a ballistic veloc-
ity of vF = 1.4 nm/fs and τ0 = 170 fs. For better visibility, only
representative error bars are given for each group.

these two regimes occurs over a crossover range, which
appears at larger dAu with an increased number of inelas-
tic scattering events. At the same time, t∗ increases at
a higher number of inelastic collisions. From this result,
we estimate that, for collision numbers much larger than
four, t∗ will exhibit linear growth up to much larger gold
thicknesses. Assuming that this linear behavior of t∗ ∝ dAu
continues up to a very large number of collisions, we esti-
mate the linear relationship between t∗ and dAu at small Au
thicknesses with a propagation velocity of about 0.2 nm/fs,
i.e., 7 times smaller than the Fermi velocity. In this sense,
the mentioned crossover range represents the transition
from a diffusive to a superdiffusive transport regime.

V. DISCUSSION

With the obtained experimental and theoretical results,
we are able to provide a comprehensive microscopic pic-
ture of the optical excitation in Fe, electron injection
across the interface to Au, and propagation through the Au
layer. The photoinduced changes in the electronic popu-
lation from the Fe bulk to the interface calculated by RT
TDDFT, see Fig. 6, highlight that 2 eV photons predom-
inantly excite minority spin electrons. These calculations
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also show that the excited electronic DOS of bulk Fe are
essentially recovered within 3 monolayers (ML) distance
from the interface. Since one (001) atomic ML is 0.144 nm
and dFe = 7 nm = 49 ML, we conclude that 2 eV photons
are absorbed in Fe bulk with high probability and are,
according to the population gradient across the interface,
injected into the Au layer via a coherent hybrid interface
state within the mean free path of Fe [30]. Direct optical
excitation of such interface states plays a minor role. Near
the interface, the calculated excited DOS of minority spins
in Au exhibit a spectral signature with a peak at E − EF =
1.7 eV and a maximum at 0.5 eV, in excellent agreement
with the experimental observation in Fig. 3. This agree-
ment confirms our description of electron injection across
the interface. We note that in comparison to previous work
[11], which used 1.5 eV photons and concluded injection
of majority spin electrons, the RT TDDFT results indicate
that the higher photon energy used here results in strong
injection in the minority spin channel. This comparison is
also interesting regarding minority electrons excited in Fe
bulk to 1 eV above EF. Both studies, the present one and
Ref. [11], find that these excited electrons are injected with
a low probability from Fe to Au.

The key experimental finding of the detection of elec-
trons at the Au surface with a lower energy of E −
EF = 0.5 eV, which exhibit a time delay, t∗, compared to
electron injection at 1.7 eV motivated the description of
inelastically scattered electrons by microscopic transport
simulations. This description agrees very well with the
experimental results, cf. Figs. 3 and 7. The observation
of t∗ in experiments and in the transport simulations pro-
vides a direct comparison of these results, which connects
the number of scattering events with the electron energy
and the film thickness. Both the simulated and experimen-
tally observed t∗(dAu) exhibited a sublinear relationship,
which was assigned to deviations from diffusive transport
in Sec. IV. This consistent behavior allows one to link
the electron dynamics at different energies to the number
of scattering events. In Fig. 8, we depict these results by
grouping the experimental data into lower (black), inter-
mediate (red), and higher energy (blue). These groups
follow the sublinear relationship. At lower energy, the cor-
responding t∗ fall between four and three, at intermediate
energy between three and one, and at higher energy below
one scattering event. This last result showcases the bal-
listic transport regime of the primarily injected electrons
for dAu < 110 nm. The lower-energy electrons experience
up to four scattering events but do not reach the diffu-
sive regime. This finding is in agreement with our pre-
vious study, which analyzed electronic transport at lower
energy near EF in a similar experimental geometry [13]
that allowed the diffusion regime to be reached. Regard-
ing ballistic electrons, our finding differs from previous
work [16], which reported ballistic contributions at par-
ticular momenta near EF; we identified ballistic electrons

exclusively at the highest energy. Potentially, this dif-
ference originates from a different sensitivity of ballistic
transport in the two different experimental methods. It
is possible that the larger signal contribution of scat-
tered electrons masks a smaller ballistic contribution, as
discussed in Ref. [16].

From the above analysis, we conclude that electrons
observed at energies below 1.5 eV experience at least
one inelastic collision, on average. This implies that they
must propagate a minimum distance of the inelastic mean
free path, λ. Therefore, scattered and ballistic electrons
are expected to exhibit different distributions of injection
angles θ , as long as dAu < λ. To confirm this, we ana-
lyze the electron momenta of the individual trajectories in
our simulation. Thereby, we obtain a microscopic under-
standing of the transport and relaxation dynamics as well
as acceleration. In Fig. 9, we show the distribution of
injection angles θ for ballistic and scattered electrons for
four different dAu. Ballistic electrons are most likely to
propagate along the interface normal direction because at
|θ | > 0 the pathway and scattering probability increase.
The thinner the Au film, the broader the distribution of
initial angles becomes. For dAu close to λ0, the angular
distribution of θ for ballistic electrons becomes a narrow
cone. This is in agreement with the picture discussed in
the inset of Fig. 4. In contrast, scattered electrons need a
path long enough to ensure at least one collision. In suf-
ficiently thin Au films, see dAu = 0.05λ0 in Fig. 9, most
electrons that scatter propagate with an initial angle close
to θ = ±π/2, almost along the interface plane. Conse-
quently, the effective electron velocity, veff = dAu/t∗, to
traverse the layer is much smaller than the ballistic electron
velocity. Increasing the sample thickness shifts the most
likely initial angle towards the interface normal direction;
see Fig. 9. Hence, the effective velocity of the scattered
electrons increases for larger dAu, in agreement with the
experimental observation in Figs. 4 and 8. This behavior
suggests that momentum-dependent scattering should be
applied at buried interfaces for energy selection in electron
(or hole) injection across interfaces [51–53]. A potential
design implies electron transmission of high-energy elec-
trons along the interface normal and (total) reflection of
electrons at larger angles, θ .

Up to now, we have only included inelastic scattering
in our considerations and found the average number of
inelastic collisions necessary to achieve a certain energy.
We now turn to the influence of elastic scattering. Assum-
ing an energy-independent elastic scattering time that is
comparable to the inelastic lifetime of the 2.0 eV hot elec-
trons [33], the measured apparent acceleration, i.e., the
increase of veff with dAu, cf. Fig. 8, would change dras-
tically. While at 2.0 eV the ratio of elastic and inelastic
scattering events would be 1:1, the ratio changes continu-
ously to 4:1 at 0.5 eV. Hence, the total number of scattering
events would be much larger than four for the low-energy
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FIG. 9. Normalized angular distribution of initial polar angles
for scattered and ballistic trajectories for sample thicknesses
dAu = 0.05 λ0, 0.2 λ0, 0.4 λ0, and 0.7 λ0 with λ0 = vFτ0. Initial
angle of θ = 0 corresponds to propagation parallel to the z axis.

electrons if elastic scattering were present. In such a sce-
nario, the time delay, t∗, of the low-energy electrons would
increase linearly in Fig. 8 over the whole Au thickness
range. Since the data points from the experiment are far
below this limit, the experimental results indicate that the
elastic scattering lifetime is much larger than the inelas-
tic lifetime. Consequently, the elastic contributions are
negligible in our analysis. Electron transport and relax-
ation in the optically excited nonequilibrium conditions are
governed by inelastic scattering events. Recalling the sin-
gle crystalline sample quality, this conclusion is in good
agreement with the sample characterization available by
scanning transmission electron microscopy [7,8].

Finally, we address the question of how to transfer the
results reported here for Fe(100)/Au(100) to other mate-
rial systems. It is obvious that defects in the propagation
layer would add elastic scattering, see above, and limit bal-
listic propagation. This would hamper angular selection
along the interface normal for ballistic electrons reported
in Fig. 9. Defects at the interface, however, are potentially
a very interesting modification opportunity. Since defects
represent a source of momentum, the injection probabil-
ity across the interface could be enhanced by lifting the
requirement for injection via a coherent interface state to
ensure energy and momentum conservation. One might
ask how a change from metallic to semiconducting con-
stituents affects the behavior. Essentially, we expect that
the spin and angular momentum selection remain effective
for semiconducting systems. The scattering probabilities
would change considerably from metallic to semiconduc-
tor materials. Although impact ionization is well known for

semiconductors to be mediated by electron-electron inter-
actions [54,55] for energies close to the conduction band
minimum, electron-electron scattering plays a minor role
and becomes more relevant for higher optical excitation
densities, reaching a quasichemical potential in the con-
duction band. Under the excitation conditions investigated
here, the electron-electron scattering rate in the metallic
case would, more or less, be replaced by electron-phonon
scattering for a semiconducting system.

VI. CONCLUSIONS

In a comprehensive experimental and theoretical study,
we presented a real-time analysis of nonequilibrium optical
and electronic excitations in an epitaxial Au/Fe/MgO(100)
heterostructure with a focus on spatio-temporal electronic
transport across the layer stack. The experimental find-
ings are based on femtosecond time-resolved two-photon
photoelectron spectroscopy, in which excitation and detec-
tion are spatially separated and confined to the Fe layer
and the Au surface, respectively. Thereby, we (i) measured
the energy relaxation dynamics in the transport process,
and (ii) analyzed the transport mechanism microscopi-
cally. The microscopic understanding of the experimental
data was rendered by two theoretical approaches. On one
hand, RT TDDFT allowed us to identify the electronic
states involved in excitation in the Fe part of the het-
erostructure and injection across the Fe/Au interface. On
the other hand, this microscopic insight facilitated us to set
up a transport simulation describing the propagation and
relaxation processes of the hot electrons in the gold layer.
The experiment revealed an effectively accelerated trans-
port behavior with increasing Au layer thickness; this was
explained in the transport simulations by an interplay of
ballistic and superdiffusive trajectories with a preferential
ballistic transport along the interface normal direction. The
scattered electrons have a considerable planar momentum
component. The electrons with highest energy propagate
ballistically, while lower-energy electrons need to propa-
gate superdiffusively to ensure relaxation beforehand.

We propose to exploit this angular-dependent transport
as an energy filter to select ballistic over scattered electrons
or vice versa. The microscopic and general understanding
of the transport regimes and relaxation processes on the
ultrafast timescale in our model system might pave the way
towards an increase in energy efficiency in devices with
photoexcited charge carriers, such as solar cells. Besides,
our insights might be useful for understanding other phe-
nomena related to transport in heterostructures and spin
currents.
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