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The element specificity of soft x-ray spectroscopy makes it an ideal tool for analyzing the microscopic
origin of ultrafast dynamics induced by localized optical excitation in metal-insulator heterostructures. Using
[Fe/MgO]n as a model system, we perform ultraviolet pump/soft x-ray probe experiments, which are sensitive
to all constituents of these heterostructures, to probe both electronic and lattice excitations. Complementary
ultrafast electron diffraction experiments independently analyze the lattice dynamics of the Fe constituent,
and together with ab initio calculations yield comprehensive insight into the microscopic processes leading to
local relaxation within a single constituent or nonlocal relaxation between two constituents. Besides electronic
excitations in Fe, which are monitored at the Fe L3 absorption edge and relax within 1 ps by electron-phonon
coupling, soft x-ray analysis identifies a change at the oxygen K absorption edge of the MgO layers which occurs
within 0.5 ps. This ultrafast energy transfer across the Fe-MgO interface is mediated by high-frequency, interface
vibrational modes, which are excited by hot electrons in Fe and couple to vibrations in MgO in a mode-selective,
nonthermal manner. A second, slower timescale is identified at the oxygen K pre-edge and the Fe L3 edge. The
slower process represents energy transfer by acoustic phonons and contributes to thermalization of the entire
heterostructure. We thus find that the interfacial energy transfer is associated with nonequilibrium behavior in
the phonon system. Because our experiments lack signatures of charge transfer across the interface, we conclude
that phonon-mediated processes dominate the competition of electronic and lattice excitations in these nonlocal,
nonequilibrium dynamics.
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I. INTRODUCTION

Heterostructures provide access to well-controlled material
properties and allow for the design of new materials with
the desired properties for electronic device and nanoscale
transistor applications. They have led to a manifold of tech-
nological innovations in high-speed- and opto-electronics as
well as in spintronics, developments which were awarded
Nobel prizes to Kroemer and Alferov in 2000 and to Fert
and Grünberg in 2007, respectively. Such artificial materi-
als further promise functionality if combined with external
stimuli, e.g., ultrashort laser pulses, leading to nonequilib-
rium dynamics. For example, quantized collective coherent
phonons which stem from the phonon dispersion relation in
the backfolded Brillouin zone of a semiconductor superlattice
were identified [1]. All optical magnetization switching was
found in artificial ferrimagnets [2] and spin-current induced
magnetization dynamics in heterostructures represent a rather
recent development [3–5].
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In recent years, considerable effort was made toward un-
derstanding the nonequilibrium properties of condensed mat-
ter with the goal of manipulating, and potentially control-
ling, material properties in response to an external, impulsive
stimulus [6]. This includes the analysis of elementary inter-
action processes on the microscopic femto- and picosecond
timescales, at which individual steps of the quantum statistics
of electronic and phononic excitations can be distinguished
in a nonthermal regime. The multicomponent structure of
heterostructures adds complexity in terms of interface versus
bulk effects as well as local versus nonlocal dynamics (i.e.,
transfer of excitations and energy between the different con-
stituents) to the already intricate problem of nonequilibrium
dynamics. Therefore, an investigation of the nonequilibrium
electron and lattice dynamics in such materials might be
highly welcome; even more if such a study is specific to the
constituents and their mutual interfaces.

For describing the interaction of the electron and lattice
degrees of freedom during nonequilibrium dynamics, suit-
able assumptions facilitate treatment of the problem. The
most prominent example is the two-temperature model (2TM)
introduced by Anisimov et al., which describes the energy
transfer from optically excited electrons in metals to the lattice
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empirically by a single electron-phonon coupling parameter
[7,8]. The excited electron and phonon distributions in this
model are assumed to be at different electron and lattice
temperatures Te and Tl, respectively. Taking the excitation
density, the electronic and the lattice specific heat into account
the equilibration of Te and Tl is predicted to take up to a
few picoseconds. This model is widely applied because it is
very handy and facilitates material specific predictions [9].
However, it is questioned from theory whether it provides a re-
alistic description for the actual nonequilibrium state [10–12].
The nonequilibrium dynamics of phonon distributions has
been widely assumed as thermalized, likely due to the rather
slow picosecond timescales involved. This might not be justi-
fied in general due to the rather weak, anharmonic coupling
between phonons [13–15] and because energy transfer be-
tween electrons and phonons can drive relaxation dynamics
in a nonthermal regime [16,17]. Experimental observations
indicate that no simple general answer to this question exists.

The problem of energy transfer across interfaces is chal-
lenging by itself. The diffuse mismatch model is used widely
to describe the thermal boundary or Kapitza resistance [18]
with extensions including optical phonons [19], inelastic scat-
tering [20,21], and interface roughness [22]. By now it is
clear that the strength of interface bonding as well as phonon
dispersion and population are decisive [23]. In case of metal-
insulator interfaces, an additional electronic contribution to
the Kapitza conductance may become important and lead to a
considerable increase in the energy transfer due to scattering
of electrons with interface vibrational modes [20,24]. How-
ever, it is so far not established how these energy transfer
mechanisms evolve under strong nonequilibrium conditions,
as they, like the 2TM, rely on describing the phonon system
with a temperature.

In this paper, we investigate [Fe/MgO]n as a model system
for a simple heterostructure and report on Fe site-specific
pumping combined with Fe and MgO specific probing with
femtosecond time resolution. This approach provides direct
insight into microscopic, dynamic redistribution of excita-
tions, and attendant energy transfer. X-ray absorption spec-
troscopy (XAS) at the O K and the Fe L3 edges combined
with site-specific information provided by the interface state
in the O K pre-edge region allows one to analyze the nonequi-
librium dynamics in the two constituents Fe and MgO as
well as at their interface. We show by such solid state spec-
troscopy in a femtosecond (fs) time-resolved mode comple-
mented by ultrafast electron diffraction (UED), see Fig. 1, and
ab initio theory that the excess energy provided by ultra-
violet excitation remains localized until coupling across the
Fe-MgO interface. This coupling is found to be mediated by
hot electrons in Fe which scatter with interface vibrations—
even for photon energies above the electron transfer gap.
The identified dynamic process highlights the competition
and predominance of local, inelastic electron-electron (e-e)
scattering over charge transfer across interfaces in such het-
erostructures. Scattering of electrons in Fe with interface
phonons is found to occur faster than thermalization in the
initially excited Fe constituent and emphasizes the importance
of nonthermal phonon distributions, which are concluded to
be decisive for the fastest energy transfer dynamics among Fe
and MgO.

FIG. 1. Schematic of UV pump, electron diffraction, and soft
x-ray absorption probe experiment. In both cases, the signal trans-
mitted through the [Fe/MgO]n heterostructure was detected. At right,
exemplary data are shown: Electron diffraction image in transmission
with the diffraction intensity represented in a false color scheme (top)
and x-ray transmission spectra (bottom) for the O K edge including
a pre-edge feature originating from the Fe-MgO interface (blue) and
the Fe L edges (red).

II. SAMPLE PREPARATION AND CHARACTERIZATION

The investigated heterostructures [Fe/MgO]n with
n = 1, 4, 5, 8 are sketched in Fig. 1. The samples were
grown by molecular beam epitaxy at a sample temperature of
400 K in a background pressure of 10−10 mbar, ensuring no
contamination or oxidation of the individual deposited layers.
The substrate consists of a 200-nm-thick Si3N4 membrane,
which carries a 100-nm-thick Cu heat sink on its backside
to dissipate the excess energy deposited by the pump beam.
Although growth of Fe on MgO(001) can proceed epitaxially
due to a rather good lattice match, the use of the Si3N4

membrane as a substrate leads to polycrystalline layer
stacks. The individual Fe and MgO layers are, if not stated
otherwise, 2 nm thick, which was monitored during growth by
a quartz-crystal microbalance and subsequently determined
by x-ray diffraction. In addition, the spatial extension of the
interface was analyzed using interface sensitive conversion
electron Mössbauer spectroscopy. From the obtained results,
we concluded that potential intermixing of the constituents is
limited to one monolayer at the Fe-MgO interfaces, which are
therefore considered to be atomically sharp. For more details
on the sample and especially the interface quality, see the
Supplemental Material [25] and Ref. [26] therein.

III. RESULTS

High-resolution static soft x-ray absorption spectra of
[Fe/MgO]4, shown in Fig. 2 for the O K edge and the Fe
L3,2 edges, were taken at the synchrotron light source BESSY
II operated by Helmholtz Zentrum Berlin, beamline PM3
equipped with a plane grating monochromator and the ALICE
endstation. Spectra taken at the Fe L3,2 edges agree well with
previous results for thin Fe films [30], those from the O K edge
agree reasonably well with literature on thin MgO films on
metal substrates [27]. There is a rather small pre-edge feature
at 530 eV which was reported earlier at similar interfaces
[27–29] and originates from an Fe-MgO interface state, as
shown in the following by density-functional theory (DFT)
calculations.
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FIG. 2. High resolution x-ray absorption spectra of [Fe/MgO]4

with 2 nm individual layer thickness measured in transmission
geometry (thick lines), normalized to the incident x-ray intensity.
The Fe spectrum (red, at right) is composed of the L3 and L2 edges
at 708 and 722 eV, respectively. The spectrum at the O K edge (blue,
at left) contains several features in agreement with literature [27–29]
and the vertical arrow points at the pre-edge feature assigned to an
interface state, see text. Calculated atomic-layer-resolved spectra of
Fe8/(MgO)8 are shown by thin lines. Spectra at the interface are
shown by a solid line, those from the center of the respective layers
by a dashed line. Spectra are shifted vertically for better visibility.

Here, the multilayer stack is represented by a periodi-
cally repeated heterostructure Fe8/(MgO)8(001) consisting
of eight monolayers of Fe and eight monolayers of MgO
stacked along the (001) direction. Structural optimization and
electronic DOS were obtained with the VASP code [31,32]
using the generalized gradient approximation [33]. X-ray
absorption spectra were calculated with the fully relativistic
SPR-KKR Korringa-Kohn-Rostoker multiple scattering ap-
proach [34,35]. (For comprehensive technical details, see the
Supplemental Material [25], which includes the additional
references [36,37].) Figure 2 shows the calculated spectra for
the O K edge (left) and the Fe L3,2 edges (right), both in
an atomic-layer-resolved manner as indicated. Comparing the
experimental spectrum with the calculations, we see an overall
agreement of the relative positions of the main features,
including the small pre-edge hump at 530 eV for the O K
edge. The latter is clearly identified in the calculated spectrum
of the interface layer while the spectrum calculated for the
center of the MgO layer lacks this feature. Therefore, the
pre-edge feature is assigned to an Fe-MgO interface state.
This is in agreement with Refs. [27,29], which show that
such a pre-edge feature occurs at the MgO-metal interface
but not in bulk MgO. For Fe, small interface-induced changes
obtained in the calculations were not resolved in experiment.

The corresponding layer-resolved DOS for majority and
minority spin directions is shown in Fig. 3, where we restrict
the comparison to the central and interface layers of each
part of the slab. While for Fe, the Fermi level crosses the
upper edge of the majority d-band and passes through a wide
valley in the minority channel, the central MgO layer can be
considered insulating with its valence band maximum located
3.3 eV below the Fermi energy EF. Strong modifications are
present in the partial DOS in both the Fe and MgO interface
layers. The hybridization of Fe and O orbitals leads to a

FIG. 3. Spin-polarized element- and layer-resolved electronic
density of states of Fe8/(MgO)8(001) obtained from DFT calcula-
tions. Only the interface layers (middle) and the central layers of the
slabs (leftmost panel for Fe and rightmost for MgO) are shown. The
contribution of Fe is represented by blue lines, Mg by purple lines,
and O by dashed red lines. The sum of Mg and O contributions is
indicated by the green area. Upward and downward arrows denote
the respective spin channels. While the central layers are similar
to the respective bulk materials, pronounced features close to the
Fermi energy appear in both interface layers arising from the strong
hybridization between the Fe d-states and the p-states of the apical
O. The DOS was calculated including the four intermediate layers.
The result is shown in detail in the Supplemental Material [25].

considerable amount of interface states throughout the gap
region. The most prominent feature is located in the minority
channel approximately 0.2 eV above the Fermi level. The
large peak in the Fe interface layer has predominantly dxz and
dyz character and hybridizes with the px and py orbitals of
the apical O. In turn, the features in Fe around 2 eV consist
of eg-type orbitals, in particular d3z2−r2 , which leads to an
increased pz character of the states at the interface O. The
electronic structure of the heterostructure is thus expected to
contain a relevant contribution of interfacial electronic states
of Fe-MgO hybrid character.

A. Ultrafast soft x-ray spectroscopy

By probing the Fe L3 and O K edges, we obtain element-
specific information. Since O occurs solely in MgO, we
have chosen these absorption edges to obtain a constituent
specific probe which we combine here with femtosecond time
resolution [40–42]. We performed pump-probe experiments
at the FemtoSpex facility of BESSY II (beamline UE56/1-
ZPM) [43] and analyze the time-dependent response of the
Fe and MgO constituents to ultraviolet pump excitations in
the [Fe/MgO]n heterostructure. Pump photon energies above
the electron transfer gap � at Fe-MgO interfaces provide an
opportunity to investigate charge transfer excitations which
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FIG. 4. Excitation scheme at Fe/MgO interfaces. VB and CB
indicate the MgO valence and conduction band, respectively. The
excitation photon energy hνUV = 4.7 eV, indicated by the vertical
blue arrow, is generated by frequency tripling of the Ti:sapphire
fundamental at 1.55 eV. � represents the charge transfer gap and
is reported to be 3.8 eV [38]. Relaxation processes due to electron-
electron (e-e) scattering in Fe and electron-phonon (e-ph) scattering
across the interface are indicated by solid arrows. Potential charge
injection from hot electrons in Fe into the CB of MgO is depicted by
a dashed arrow.

transfer a hot electron optically excited upon absorption of
an ultraviolet (UV) photon from Fe in the vicinity of EF to
the conduction band (CB) in MgO, see Fig. 4. The size of
� = 3.8 eV was reported in Ref. [38] to be close to the
midgap position of the MgO band gap of 7.8 eV. Electron
transfer across the interface is expected to compete with e-e
scattering in the Fe layer. The latter is expected to be very
efficient due to the large density of unoccupied 3d and 4s
electronic states in Fe below the CB minimum of MgO.

Figure 5 shows in the top panels x-ray absorption spec-
tra at the O K and the Fe L3 edge which were measured
after UV pumping (hν = 4.7 eV) with an incident fluence
of ≈20 mJ/cm2 and ≈150 fs time resolution, derived from
the pulse durations of the UV pump (≈50 fs) and soft x-ray
probe (100 fs [43]). The temporal overlap of femtosecond UV
pump and x-ray probe pulses was determined by an indepen-
dent transmission experiment through a 20-nm-thick Fe film,
which exhibits a pump-induced change of the absorption at
the L3 edge similar to previous results for transition-metal
thin films [41,44]. Spectra at fixed pump-probe delays t of
the maximum pump-induced changes observed in [Fe/MgO]8

at the O K edge, which occurs at 870 fs, and at the Fe L3

edge at 240 fs are presented in the bottom panels. Note the
different spectral shape of the pump-induced changes at the
two absorption edges. The pump-induced change at the Fe
L3 edge consists of a first-derivative-like spectral signature,
which indicates a shift of the absorption edge, as reported for
transition metals before [41,42]. The pump-induced change at
the O K edge exhibits a different shape which is dominated
by an intensity change at maximum absorption. Overall, the
changes in absorption at the two edges are similar in strength
up to 0.2%, but occur at different time delays, which suggests
that different physical processes are responsible for these
changes.

Examples of pump-induced changes in XAS observed with
70 ps soft x-ray pulses are reported in the Supplemental Mate-

FIG. 5. Top: Soft x-ray absorption as a function of photon energy
for the oxygen K (blue) and the Fe L3 edge (red) before and
after pumping, measured at the FemtoSpex facility in transmission
geometry [39]. Bottom: UV pump-induced change in absorption as a
function of soft x-ray photon energy at the indicated pump-probe de-
lays of the maximum observed change. Vertical lines indicate photon
energies at which time-dependent measurements were conducted.

rial [25] in Fig. S5. On such timescales, electrons and phonons
have equilibrated with each other and the heterostructure is
close to its fully thermalized state [13,45]. In this case, the
major part of the excess energy is hosted by phonons since
the specific heat of the lattice is considerably larger than the
one of the electrons. The observed changes showcase that
time-resolved XAS is also sensitive to phonons, in agreement
with temperature-dependent changes observed in literature
[41,46]. We note that we cannot distinguish thermal and
nonthermal lattice excitation in XAS from the spectral shape
alone, but require the time-dependent response in addition.
Time-resolved XAS thus allows us to track the electronic and
phononic energy transfer and relaxation in all constituents of
the heterostructure.

B. Ultrafast electron diffraction

To complement the time-resolved soft XAS experiments
discussed above, we performed time-resolved UED exper-
iments to directly probe the lattice response of such het-
erostructures after fs laser excitation. These experiments were
carried out using the MeV-UED facility at SLAC National Ac-
celerator Laboratory [47], which provides ultrashort electron
pulses at relativistic energies. The experiments reported here
were carried out in normal incidence transmission geometry
at a repetition rate of 120 Hz with pulses of approximately
2 × 105 electrons per pulse, a bunch duration of τbunch ≈ 200
fs FWHM, and a kinetic energy of Ekin = 3.7 MeV. Due to the
normal incidence diffraction geometry and MeV electron en-
ergy, resulting in a very short de Broglie wavelength, we probe
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essentially the in-plane lattice dynamics. Therefore, only the
in-plane root mean square (r.m.s.) displacement �〈u2〉p is
measured. The quoted values for the total r.m.s. displacement
�〈u2〉 assume an isotropic response: �〈u2〉p = 2

3�〈u2〉.
To systematically address the role of interface effects

as well as the importance of charge transfer processes,
different sample configurations and pump photon energies
have been investigated over an extended range of excitation
fluences. Samples for UED comprised similar [Fe/MgO]n-
heterostructures as for the XAS experiments. However, to
avoid additional background contributions to the overall scat-
tering signal and due to the lower repetition rate of the
experiment, a thinner, 20-nm-thick Si3N4 membrane was
used as a substrate without an additional metal layer as heat
sink. The response of a [2 nm Fe/5 nm MgO]5 multilayer het-
erostructure is compared to a [10 nm Fe/25 nm MgO]1 bilayer
using near-normal incident pump pulses of approximately
50 fs duration at photon energies of 4.7 and 3.1 eV. Incident
pump fluences of 6 to 15 mJ/cm2 were employed. While
all interface-mediated effects should be enhanced in the het-
erostructure compared to the bilayer, pumping in the UV with
4.7 eV photon energy allows electron transfer from Fe to
MgO via a hot electron state. At 3.1 eV photon energy this
process is suppressed, see Fig. 4. Compared to the soft x-ray
experiments, the relative amount of MgO in the samples has
been increased to enhance the relatively weak scattering signal
of MgO.

As an example, Fig. 6(a) (left) depicts a diffraction im-
age of [2 nm Fe/5 nm MgO]5 without pumping. By azimuthal
integration along lines of constant momentum transfer q ≈
2π/λ · θ , with de Broglie wavelength λ = 0.003 Å and scat-
tering angle θ , the diffraction signal I (q) is obtained, as
displayed in Fig. 6(b). The diffraction intensity changes upon
pumping as depicted in Fig. 6(c), which shows the transient
difference in the scattering intensity (pumped−unpumped)
for time delays t = 1 ps (red) and 20 ps (blue), respectively,
after excitation with 4.7 eV pulses at an incident fluence of

FIG. 6. (a) Electron diffraction pattern of a
[2 nm Fe/5 nm MgO]5 heterostructure in false color representation.
(b) Scattering intensity I (q) as a function of momentum transfer
q of this heterostructure. (c) Difference scattering pattern
�I (q, t ) = I (q, t ) − I0(q), I0(q) represents the unpumped case,
for delay times t = 1 ps (red) and t = 20 ps (blue) after 4.7 eV
pump excitation at an incident fluence of F = 9 mJ/cm2. Black and
green dashed vertical lines mark the positions of diffraction peaks of
Fe and MgO, respectively.

F = 9 mJ/cm2. A decrease of the Bragg peak intensities as
well as an increase of the diffuse background in between the
Bragg peaks is observed. Both features can be attributed to
an incoherent excitation of the lattice and the increase of the
r.m.s. atomic displacement after sample excitation also known
as the transient Debye-Waller effect.

At the given momentum resolution of the experiment of
0.14 Å−1, the diffraction peaks of Fe and MgO overlap in
most cases, as recognized from Fig. 6. Moreover, the transient
changes are dominated by the response in Fe, in particular at
earlier delay times, when the changes in MgO are relatively
weak, cf. the difference pattern at t = 1 ps in Fig. 6(c).
To quantitatively analyze the transient diffraction data, the
integrated signal of the individual Bragg-peaks has been deter-
mined by fitting them separately with a Gaussian function su-
perimposed on a linear background for each time delay. Due to
the overlap of diffraction peaks and the weak changes in MgO
at early delays, we focus here on the results obtained for Fe.

The observed transient Debye-Waller effect describes the
incoherent vibrational excitation of the lattice due to energy
transfer from the optically excited electrons to phonons by
the transient changes of r.m.s. atomic displacement �〈u2〉(t )
according to

− ln

(
Ihkl (t )

I0
hkl

)
= 1

3
�〈u2〉(t ) · G2

hkl . (1)

Herein I0
hkl denotes the scattering signal of the unpumped

sample measured at t < 0, i.e., before the pump pulse excites
the sample, Ghkl the length of the reciprocal lattice vector
corresponding to reflection (hkl ), and �〈u2〉 the transient
change of the r.m.s. displacement of ion cores. For a rep-
resentative subset of the data, we verified the dependence
on diffraction order predicted by Eq. (1), evidencing that
within the experimental accuracy the lattice response in Fe
is incoherent. However, for the bulk of the data, we used the
isolated (321)-peak at q = 8.19 Å−1 to determine �〈u2〉(t ),
since this peak is not influenced by diffraction from MgO.

C. Time-resolved results of soft x-ray absorption
and electron diffraction

Employing two complementary ultrafast methods on
equivalent heterostructures now allows us to conclude on the
ultrafast electron and lattice dynamics. We show the observed
transient changes jointly in Fig. 7. For analysis of the pump-
induced dynamics, the soft x-ray photon energy was kept
fixed at three selected values indicated by vertical lines in
Fig. 5. These energies are at (i) the maximum absorption of the
O K edge, where also the maximum pump-induced change is
observed, (ii) the corresponding pre-edge region, and (iii) at
the Fe L3 edge at the energy of maximum change, i.e., 2 eV
below the maximum absorption. The pump-induced changes
were measured as a function of pump-probe delay and the
results are shown in Fig. 7 by blue and red symbols. The
transients at the different energies exhibit a very different
behavior. The vertical dashed line at 0.5 ps highlights this fact.
At this delay, the change at the Fe L3 edge has already gone
through the maximum and has started to recede. The change at
the O K edge has just reached its maximum and the change in
the O K pre-edge region is still building up. Time zero of the
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FIG. 7. Pump-induced changes with 4.7 eV pump photon energy
observed for [Fe/MgO]8 at three selected soft x-ray photon energies
(left axis) in combination with r.m.s. atomic displacement (right axis)
as a function of pump-probe delay. Top: Maximum absorption of the
O K edge, and r.m.s. displacement of the Fe ion core positions deter-
mined from changes in the electron diffraction intensity dominated
by Fe ion cores. Center: Pre-edge region of O K edge at the Fe-MgO
interface state. Bottom: Fe L3 edge and r.m.s. atomic displacement
(identical to the top panel). Black lines are fits to the data as specified
in Ref. [48]. The dashed and dotted lines are guides to the eye,
see text.

independent XAS and UED experiments is determined as the
time delay at which the pump-induced changes begin, with a
precision of ±50 fs given the finite probe pulse durations.

In more detail, we observe at the Fe L3 edge (Fig. 7,
bottom panel) a fast increase in absorption which relaxes
almost back to zero change until 1.2 ps. For a fixed x-ray
photon energy at the rising flank of the Fe L3 edge, the
transient shift of the spectrum to lower photon energies (cf.
Fig. 5) will indeed manifest as an absorption increase. At later
delays, a second positive change appears; however, with a
slower time constant. At the O K edge (top panel) a decrease
in absorption builds up within 0.5 ps and stays constant up
to 3 ps. At the O pre-edge (center panel) we observe an
increase in absorption which continues to increase within the
investigated time delay. The time-dependent intensity at the
O K edge was fitted with a step function, while at the Fe L3

edge, an exponential relaxation with a time τ2 was taken into
account in addition. To account for the build up of the change
with time constant τ1, both functions were convoluted with a

FIG. 8. (a) Change of the r.m.s. displacement �〈u2〉(t ) as a func-
tion of pump-probe time delay for the different sample configurations
([2 nm Fe/5 nm MgO]5—filled symbols; [10 nm Fe/25 nm MgO]1—
open symbols) and excitation conditions (pump photon energy 4.7
eV—circles, 3.1 eV—triangles); the solid and dashed curves repre-
sent fits to the measured data as explained in the text. (b) Maximum
rate of the increase of �〈u2〉(t ) obtained from the fits as shown
in panel (a) for a range of pump fluences. The different values of
maximum �〈u2〉 were obtained from pump fluences ranging from 6
to 15 mJ/cm2. Photon energies are indicated by symbols, see panel
(a). Solid curves: Linear guide to the eye. (c) �〈u2〉(t ) over a larger
delay time range.

Gaussian before fitting the data. A time shift t0 with respect
to the experimentally determined time zero, which is defined
as the onset of the transient change, was taken into account
in addition. This fit function was chosen for the minimum
number of free parameters needed to describe the data, and
without assuming a particular physical model, see Ref. [48].
The fit shown in Fig. 7, bottom panel, was done for t < 1.2 ps
and describes the data well with τ1 = 0.14 ± 0.05 ps and
τ2 = 0.49 ± 0.06 ps. At later delay times the fit, which is
extrapolated to reach the zero level at 2.5 ps (dotted line), no
longer describes the data. At these delay times, the second
absorption increase is highlighted by the dashed line. We
note that such an absorption increase is observed for the
heterostructure, but not for a single 20-nm polycrystalline Fe
film as shown in Fig. S4 of the Supplemental Material [25].
Also, data for single films of Ni reported previously [41,44]
do not exhibit such a second intensity increase. We therefore
assign this second, slower intensity increase to the presence of
interfaces. We further note that the dynamics at the O K edge
occurs exclusively in the heterostructure, i.e., it is mediated by
a transfer of excitations from Fe. In a single MgO reference
layer, no transient changes are observed at the O K edge after
pumping, see Fig. S3 in the Supplemental Material [25].

Regarding the UED results, Fig. 8(a) compares the
obtained �〈u2〉(t ), which exhibit the same maximum
�〈u2〉max ≈ 0.016 Å2 for the different multi- and bilayer
samples, filled and open symbols, respectively, and excitation
conditions (hν = 4.7 eV—circles; 3.1 eV—triangles). The
data show that the excitation of the lattice occurs within a few
hundred femtoseconds indicative of strong electron-phonon
coupling in Fe. We emphasize that the response exhibits clear
differences for multi- and bilayers, but is independent of the
pump photon energy.
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To allow a quantitative analysis, these data have been
fitted by

�〈u2
Fe〉(t ) ∝

∫ ∞

−∞
dτ e− (t−τ )2

2σ2
[
	(τ )Ar

(
1 − e− τ

τr
)

−	(τ − τr )Ad
(
1 − e− τ−τr

τd
)]

, (2)

i.e., by an exponential rise (amplitude Ar , time constant
τr) followed by an exponential decay (amplitude Ad, time
constant τd) convoluted with a Gaussian function of 200 fs
FWHM to account for the finite electron pulse duration [49].
The resulting fits are shown in Fig. 8(a) by solid and dashed
curves. Figure 8(b) presents the maximum rate of the increase
of �〈u2〉(t ) as a function of the maximum increase of the
r.m.s. displacement �〈u2〉max as derived from the amplitudes
Ar and time constants τr of the initial exponential rise of
the fits shown in Fig. 8(a) as well as from fits of similar
time dependencies measured over an extended range of ex-
citation fluences, corresponding to �〈u2〉max from 0.008 Å2

to 0.042 Å2, see Fig. 8(b). Consistently and independent of
pump photon energy, all time dependencies measured for the
heterostructure multilayer sample (filled symbols) exhibit a
faster rise of �〈u2〉 compared to the bilayer sample (open
symbols). The subsequent relaxation also exhibits pronounced
differences between the multilayer and the bilayer as demon-
strated by Fig. 8(c), which shows �〈u2〉(t ) from the same
measurements as in Fig. 8(a) over an extended pump-probe
delay range. While in the multilayer the decay occurs within
5 ps, the corresponding time constant is almost an order of
magnitude larger in the bilayer. This difference is explained
by interface effects which contribute to an accelerated lattice
response in Fe. As discussed in the following section, we
conclude that combined hot electron- and phonon-mediated
processes at the interface are essential.

IV. DISCUSSION

We start with observations related to the Fe constituent,
which is primarily excited by the pump pulse, and compare
the time-dependent results of x-ray absorption and electron
diffraction experiments. The time-dependent x-ray absorption
at the rising flank of the Fe L3 edge is characterized by an
absorption increase, which reaches its maximum at 200 fs,
see Fig. 7, and results from a redshift of the Fe L3 absorption
edge, cf. Fig. 5. This observation is in qualitative agreement
with literature results for Ni films [41,44,50]. Since UV
absorption in Fe occurs within the pump pulse, the fact that
the maximum x-ray absorption increase is reached well after
the pump pulse is explained by inelastic electron-electron
(e-e) and hole-hole scattering, leading to relaxation of the
primarily excited, nonequilibrium electron distribution and re-
distribution of electrons and holes toward EF [7,9]. Eventually,
the electrons thermalize at an electron temperature Te higher
than the initial static temperature T0. As the timescale of the
initial rise corresponds to typical electron thermalization
times in transition metals [51], we explain the Fe L3 edge
redshift by such electron redistribution in the vicinity of EF,
leading to increased absorption below and reduced absorption
above EF. We note that such redistribution is characteristic
for a metal where the chemical potential is positioned within

an electron band. Relaxation of the absorption increase is
assigned to dissipation of the excess energy in the electronic
system mediated by coupling to bosons [16]. The resulting
lattice dynamics are analyzed by the reported UED, which
probes electron-phonon (e-ph) coupling by an increased mean
square displacement 〈u2〉 of predominantly Fe ion cores, see
Sec. III B, Fig. 8.

We further compare the thicker Fe films with the
[Fe/MgO]8 layer stack regarding the time-dependent x-ray
absorption and r.m.s. displacement. We find that �〈u2〉
reaches its maximum for the heterostructure at 1 ps, while
it peaks at 2 ps for the [10 nm Fe/25 nm MgO]1 film, see
Fig. 8. This matches the minima in the time-dependent x-
ray absorption reached for the heterostructure at 1 ps, see
Fig. 7. For a comparison with XAS on a 20-nm-thick Fe
reference sample see Fig. S4 of the Supplemental Material
[25]. The time delay of the minima in the time-dependent Fe
L3 absorption, which indicates dissipation of the electronic
excess energy by coupling to phonons, matches well with
the maxima in �〈u2〉, which probes the phonon excitation.
Thus, our combined absorption and diffraction study verifies
the energy transfer from the optically excited electrons to the
lattice. Crucially, both experimental methods identify faster
dynamics in the heterostructure compared to bulk and thus
probe the interface-mediated coupling at identical timescales.

While the electron diffraction data exhibit a comparatively
simple dynamics with two timescales for increase and de-
crease in �〈u2〉, the time-dependent behavior of the absorp-
tion at the Fe L3 edge exhibits, in addition to the initial
increase and decrease, a third timescale indicating a second,
delayed process with increasing absorption for t > 1.2 ps, see
Fig. 7. At such time delays �〈u2〉 is decreasing, which repre-
sents energy dissipation out of the Fe lattice, and we conclude
that at these later times the heterostructure is thermalizing as
a whole.

We will come back to this aspect further below and turn
our attention now to the time-dependent absorption at the
O K edge, which probes the oxide constituent. We observe an
absorption decrease which saturates within 500 fs, see Fig. 7,
top. Remarkably, this transient behavior matches within ex-
perimental uncertainties well with the transient increase in
�〈u2〉 representing Fe ion cores, Fig. 7, top, green line. This
observation implies that the Fe lattice is excited in parallel
with the MgO constituent. The O K edge absorption change
represents the transfer of excitations from Fe to MgO. The
fact that the maximum change in the oxide is reached at later
delays compared to the Fe L3 edge indicates that this effect
is not primarily related to the transfer of hot electrons to
MgO which should occur on a significantly shorter timescale,
as investigated in Ref. [52]. This conclusion agrees with our
observation in time-resolved UED that the lattice dynamics in
the heterostructure is independent of the pump photon energy
(see Fig. 8) and can be understood as follows. The lifetime of
an electron in Fe at E − EF > 3.8 eV which could potentially
transfer elastically from Fe into MgO, as illustrated in Fig. 4,
is only several fs [53] and its ultrafast relaxation is mediated
by inelastic e-e scattering in Fe. Formation of a hot electron
temperature occurs within 200 fs [51]. Therefore, local e-e
scattering in Fe competes with hot electron transfer to MgO.
Even if an electron is transferred to MgO it would gain an
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energy � by a transfer back to Fe and relaxation to EF, see
Fig. 4. All our experimental results indicate consistently that
e-e scattering in Fe dominates this competition.

From the observed timescale of the time-resolved XAS at
the O K edge, we thus derive that transfer of the excitations
from the metal to the insulator involves phonons. Figure 7
shows on the one hand that lattice excitations in Fe and MgO
build up simultaneously. On the other hand, energy flow from
Fe to MgO must take place since the initial hot electron pop-
ulation remains localized in Fe. This energy transfer requires
coupling of either hot, thermalized electrons in Fe to hybrid
phonon modes at the Fe-MgO interface or coupling of these
hot electrons to bulk phonons in Fe which couple to phonons
in MgO. The latter mechanism is widely considered in the
diffuse mismatch model [23], in which a temperature gradient
drives the energy transfer across the interface described by
a thermal boundary conductance. However, the timescale re-
lated to this mechanism is in the range of about 10 ps or longer
[45], and requires thermalization of the lattice excitations by
phonon-phonon coupling on similar timescales [13]. Since we
in contrast observe the increase of the oxygen signal even
before e-ph equilibration in Fe occurs, we exclude a thermal
mechanism as an explanation for the ultrafast excitation of
MgO. As discussed by Huberman and Overhauser [20], on the
metallic side electrons can couple to hybrid phonons which
are localized at the metal-insulator interface and decay into
both constituents. In a thermal picture, this process determines
an electronic Kapitza conductance. It was found earlier that
such coupling is essential for other heterostructures [24,54]
in which the faster relaxation in thinner samples with two
instead of only one interface has been attributed to a coupling
of hot electrons in the metal to interface vibrational modes
[20,55]. Accordingly, energy transfer to hybrid phonon modes
localized at the interface represents an additional channel for
hot electrons in Fe to relax, as long as the electron and lattice
systems in Fe have not yet equilibrated. The layer-resolved
vibrational density of states (vDOS) of [Fe/MgO]n calculated
by DFT (see the Supplemental Material [25] for the theoretical
details) and reported in Fig. 9 provides insight in the phonon
modes contributing to this process. At energies above the
acoustic phonons, which have a rather small vDOS, there is
sizable vDOS for the center and interface layer, see Fig. 9. Our
calculations indicate that at the interface at 27 meV a peak
in the vDOS occurs in MgO. For the center MgO layer this
peak is found at 35 meV. Also, Fe exhibits sizable vDOS at
these energies in the bulk and at the interface with an interface
mode at 15 meV which couples to MgO as indicated by a
hump in the interface vDOS of MgO at the same energy.
This combination of high vDOS in both constituents of the
heterostructure at the interface corroborates the scenario that
the energy transfer across the interface within 1 ps is pre-
dominantly mediated by coupling of hot electrons to interface
phonons at energies at 15 meV and above. These interface
phonons decay into bulk. Due to the small film thickness of a
few nm of the heterostructure’s constituents, their vibrational
amplitude is not localized at the interface but reaches well into
the individual layer.

Finally, we note that we do not observe a characteristic
oscillatory behavior in the time-dependent XAS at the O K
edge, which should occur in case the dynamics in MgO would

FIG. 9. Layer-resolved vibrational density of states of
Fe8/(MgO)8(001) obtained from DFT calculations. Colors and
symbols as in Fig. 3. Again, we show only the central layers of the
slabs (leftmost panel for Fe and rightmost for MgO) and the interface
layers (middle). The entire vDOS including the four intermediate
layers is provided in the Supplemental Material [25].

be caused by coherent acoustic waves. Since our UED exper-
iments are not sensitive to coherent strain wave propagation
normal to the layer stack due to the experimental geometry, we
only measure the incoherent lattice excitation. Consequently,
the agreement of the timescale of the incoherent lattice exci-
tation with the excitation of MgO (compare Fig. 7) excludes a
significant influence of coherent acoustic waves.

We now shift our attention to longer time delays. For 1 ps <

t < 5 ps, the receding �〈u2〉(t ) observed in Fig. 8(c) indicates
decay of Fe vibrations in the heterostructure [Fe/MgO]5,
while in the single Fe film [Fe/MgO]1 the maximum occurs
later and the relaxation is weaker. This different behavior
occurs because, in the heterostructure, the MgO constituents
act as sinks for the vibrational excess energy in Fe, which
is supported by a simple argument from the conversion of
�〈u2〉 into a lattice temperature [56]. In XAS, we observe
increasing signals at these later delay times at the Fe L3 edge
and at the O K pre-edge, see Fig. 7. As shown in the bottom
panel, the Fe signal grows at t > 1 ps concomitantly with the
O K pre-edge intensity in the center panel. The O K pre-edge
feature originates from hybridized states of Fe and the apical
O at the interface, which are located close to the Fermi level,
see Fig. 3. These are, in particular, the Fe 3d3z2−r2 and O 2pz

orbitals in the majority spin channel and the Fe 3dxz and 3dyz

and O 2px and 2py orbitals in the minority spin channel. This
energetic position of the hybridized states makes them very
sensitive to local lattice distortions, which we have modeled
by uniaxial lattice compression and expansion. The results
are reported in Fig. 10 and show that the electronic interface
state responds to lattice compression/expansion while the
center layers barely show a change. Our experimental results
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FIG. 10. Layer-resolved electronic density of states under 1%
compression (red line) and expansion (blue, dashed line) of
Fe8/(MgO)8(001) at the Fe-MgO interface obtained from DFT
calculations. 1% compression and expansion maintain the hybrid
character of the interface states. The strongest response to lattice
compression/expansion is found for majority electronic states (↑) of
the interface at O sites, first panel from the right, with shifts of up to
0.1 eV. Similar shifts are observed for the Fe majority interface states,
while the minority states in both Fe and O shift by about 0.03 eV per
1% compression/expansion.

obtained at the O K pre-edge therefore suggest that on longer
timescales t > 1 ps, a local lattice distortion at the interface
builds up. This effect is expected as a consequence of the
different static thermal expansion coefficients of MgO and
Fe [57,58]. According to the calculations reported in Fig. 10,
such an expansion shifts the position of the interface state
and affects the resonant absorption at the O K pre-edge. We
anticipate a similar origin for the observed change at the Fe L3

edge at t > 1 ps. However, here features in the near-edge fine
structure related to interfacial hybridization between Fe and
O were not spectrally resolved in the experiment, compare
Fig. 2.

We conclude that two different mechanisms of phonon-
mediated energy transfer act in such heterosystems. The
faster energy transfer process at t < 1 ps is mediated by
high frequency interface phonons excited by hot electrons
in Fe, in analogy to an electronic Kapitza conductance, but
during phonon nonequilibrium. The slower transfer process
at 1 < t < 5 ps is closer to a thermal limit and involves
lower energy acoustic phonons. MgO is characterized by ionic
bonding with a partially covalent character. In particular, the
interface states are based on Fe d- and O p-orbitals oriented
along defined directions and high-frequency modes. Coupling
of Fe electrons or phonons with such high-frequency modes
likely proceeds on considerably faster timescales compared
to acoustic phonons in metals [9,59] or semiconductors [60],

as has been observed in previous work on graphite [61] and
cuprates [16,17,62]. In particular for heterostructures, mode-
specific coupling of nonthermal phonons may offer new op-
portunities to selectively transfer energy among constituents
before phonon thermalization occurs in a time range of
10–100 ps [13].

V. CONCLUSIONS AND OUTLOOK

The performed complementary pump-probe experiments
analyze electronic and phononic contributions to dynamical
processes in metal-insulator heterostructures [Fe/MgO]n on
ultrafast timescales after localized optical excitation in Fe.
The pump-induced change in the soft x-ray absorption at the
Fe L3 edge peaks at 200 fs pump-probe delay, which indicates
electronic excitations localized in Fe. Further indications of
electronic excitation were not observed in the experiments,
which highlights the competition of hot electron transfer from
Fe to MgO across the interface and electron-electron scatter-
ing in Fe. We conclude that the latter process dominates and
is essential in understanding the subsequent dynamics in the
lattice of the heterostructure. The soft x-ray absorption change
at the O K edge, which probes the MgO constituent, saturates
at 500 fs simultaneously with the increased mean-square
displacement of Fe ion cores probed in UED. This indicates
coupling of hot electrons in Fe with an interfacial phonon
mode. Layer-resolved calculations of the vDOS find a pro-
nounced overlap of high-frequency phonons above 15 meV
phonon energy between Fe and MgO at the interface. This
leads us to conclude (i) a strong and energy-selective coupling
across the interface and (ii) an initially highly nonthermal, hot
phonon population in MgO. Both pump-probe experiments
identify at time delays t > 1 ps a second, slower timescale,
which is attributed to thermalization of the heterostructure as a
whole and energy transfer across the interface involving lower
energy phonons.

Access to energy-selective phonon excitation across in-
terfaces opens opportunities to manipulate transient material
properties by specific vibrations, i.e., beyond lattice heating.
As demonstrated here, heterostructures allow us to spatially
separate excitation and material response and offer means to
optimize the respective constituents toward desired properties.
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