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Effect of lattice excitations on transient near-edge x-ray absorption spectroscopy
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Time-dependent and constituent-specific spectral changes in soft near-edge x-ray absorption spectroscopy
(XAS) of an [Fe/MgO]s metal/insulator heterostructure after laser excitation are analyzed at the O K-edge with
picosecond time resolution. The oxygen absorption edge of the insulator features a uniform intensity decrease
of the fine structure at elevated phononic temperatures, which can be quantified by a simple simulation and
fitting procedure presented here. Combining XAS with ultrafast electron diffraction measurements and ab initio
calculations demonstrates that the transient intensity changes in XAS can be assigned to a transient lattice
temperature. Thus, the sensitivity of transient near-edge XAS to phonons is demonstrated.
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I. INTRODUCTION

X-ray absorption spectroscopy (XAS) is a versatile tool to
analyze the local electronic structure, the magnetic proper-
ties or the chemical environment of condensed matter in an
element- and orbital-sensitive way. With the continuous de-
velopment of x-ray sources, especially synchrotron radiation
sources, XAS became one of the most powerful techniques
to investigate material properties in many different fields of
science, including molecular and atomic physics, cell biology,
life science, catalysis, as well as nanotechnology [1]. Individ-
ual spectroscopic signatures in static XAS have been proven
to contain crucial information about the material properties of
the investigated systems, ranging from structural information,
like the bonding character of water in the bulk liquid phase [2],
to information about the magnetic properties [3] and coupling
mechanism between molecules and ferromagnetic films [4].
The importance of the analysis of XAS in the soft x-ray
regime at the oxygen K-edge has been recently reviewed for
a broad variety of systems ranging from molecular systems to
solid oxides by Frati ef al. [5]. The analysis of the oxygen K-
edge provides deep insight, e.g., into the bonding and the local
surrounding of the oxygen atoms, by studying the detailed fine
structures of the XAS.
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The availability of high-quality femtosecond x-ray sources,
like synchrotron femtoslicing sources [6] and x-ray free elec-
tron lasers [7-9], gave rise to a vastly increasing number
of studies of dynamic processes such as photosynthesis [10]
or photocatalysis [11] and characterization of nonequilib-
rium states in condensed matter induced by (optical) laser
excitation. However, the ability to truly extend XAS to the
ultrafast time scale depends on a deeper understanding of the
nonequilibrium situation [12,13]. For instance, while static
XAS is commonly used to disentangle the spin and orbital
contribution to the total magnetic moment, the validity of the
x-ray magnetic circular dichroism (XMCD) sum rules had
first to be proven for highly nonequilibrium states [14]. Time-
resolved studies at the oxygen K-edge have been performed,
e.g., on VO, to analyze the photoinduced insulator-metal
phase transition in Ref. [15] as well as molecular systems
[10,16] and atomic oxygen on surfaces [17] to analyze the
bonding modifications after optical excitation. In these studies
after femtosecond time scales often very specific XAS fine
structures are analyzed in narrow photon energy regimes of
a few eV. In the present work we study for longer delay
times of 90 ps a much broader energy range of about 40 eV
in the vicinity of the oxygen K-edge. The optical excitation
and the attendant excitation and relaxation of electronic and
lattice degrees of freedom influence the spectroscopic fine
structures also in this broader energy regime in a way that
is so far not well understood. Hence, it is necessary to sys-
tematically investigate these pump-induced spectral changes
for different time scales and materials. On the time scale
of 20-100 ps, the phonon subsystems are equilibrated, and
the solid heterostructures studied in this work are close to
their fully thermalized states. Therefore, it is interesting to
connect the modifications of the various XAS fine structures

©2021 American Physical Society
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FIG. 1. Schematic presentations of the x-ray absorption process
including the effect of structural thermal disorder (phonons) by ana-
lyzing: (a) The wave functions of the initial state |i) and the final state
| f) without (solid line) and with structural thermal disorder (dashed
line), (b) the density of the initial and final states, and (c) a real-
space representation of the outgoing photoelectron wave from the
absorbing atom (marked blue) and the backscattered photoelectron
wave from the structurally disordered surrounding atoms. The atomic
equilibrium positions are depicted by full circles, whereas the ther-
mally disordered positions are shown as open circles. For illustration
purposes, the displacement in the initial states |i) is intentionally
exaggerated and not to scale.

0O: thermally displaced position

in the transient XAS to the changes of fine structures of
static XAS measurements as a function of temperature. De-
tailed static temperature-dependent investigations have been
shown recently for solid oxides [18] also stressing the im-
portance of quantum vibrations. In this work the near-edge
XAS of MgO was analyzed in experiment and theory at
the Mg K-edge. Clear modifications of the fine structures in
the Mg XAS versus temperature could be identified which
were linked to changes of the local surrounding of the Mg
atoms. In the present work we focus on the oxygen K-edge in
Fe/MgO multilayers because of the importance of this edge
in numerous systems as stressed in Ref. [5]. This will allow
for a more fundamental understanding of XAS fine-structure
modifications on wider photon energy ranges paving the way
toward time-resolved extended x-ray absorption fine-structure
(EXAFS) measurements on ultrafast time scales in the
future.

To motivate the sensitivity of XAS in the near-edge regime
to thermal disorder (thermal atomic displacements), Fig. 1
shows different schematic presentations of the effect of ther-
mally excited structural disorder on the x-ray absorption
process. Figure 1(a) describes the x-ray absorption process:
We analyze the wave functions of the absorbing atom, where,

for the equilibrium state (solid lines), the electron is excited
from the localized initial state |i), presented by a simple
wave function, to the periodical Bloch-wave final state |f).
The excitation of the electron is here shown vertically (sud-
den approximation, Born-Oppenheimer approximation). The
transition probability, given by Fermi’s golden rule, is pro-
portional in the dipole approximation to the transition matrix
element |{ile - 7| f)|*> [Fig. 1(a)]. While the effect of thermal
disorder (dashed lines), i.e., structural distortions, leads to a
dislocation of the localized initial state without influencing
the shape of the wave function, the final state is strongly
modified by the thermal fluctuations of the surrounding atoms,
changing the Bloch-wave locally to a nonperiodic function. In
the density of states picture, schematically shown in Fig. 1(b)
for the case of the oxygen K absorption edge, i.e., investi-
gating the transition from the localized 1s initial state to the
2p final states (dipole approximation), the effect of thermal
disorder (dashed lines) can be described by a broadening of
both states, which is stronger for the more delocalized 2p
final states. Last, as depicted in Fig. 1(c), the x-ray absorp-
tion process and more precisely the origin of the detailed
fine structures of the near-edge XAS can be described in a
multiple-scattering approach [19]. The final state originates
from the interference of the outgoing photoelectron wave and
the multiple scattered wave at the surrounding atoms. Since
the surrounding atoms are displaced from their equilibrium
positions by the thermal disorder (open circles) also relative
to the photo-excited atom (blue circle), the multiple scattering
of the photoelectron wave, and consequently the final state
|f), is modified by the thermal distortion. In summary, all
different viewpoints schematically presented in Fig. 1 indicate
that both the initial state by displacement of the absorbing
atom and the final state by the scattering at the surrounding
atoms are modified by the thermal disorder. Consequently, the
x-ray absorption coefficient is influenced also in the near-edge
regime by thermal disorder, which effects both the initial and
the final states. Here, we analyze in which way this can be
detected for transient near-edge XAS after excitation with an
ultraviolet (UV) pulse. The thermalization of the system after
some 10 ps is revealed by complementary ultrafast electron
diffraction (UED) experiments which will provide the phonon
temperature.

The Fe/MgO system investigated here has already been
introduced as a model system for ultrafast energy trans-
fer studies in metal/oxide heterostructures in our previous
work [20,21]. By a 50fs, 266-nm laser pump pulse, the
electronic system of the Fe constituent is excited exclu-
sively. The highly nonequilibrium Fe electronic subsystem
thermalizes within the first hundreds of femtoseconds by
electron-electron scattering and then redistributes the initial
input energy via phononic processes among the heterostruc-
ture. An ultrafast energy transfer across the Fe-MgO interface
has been identified which is mediated by high-frequency, in-
terface vibrational modes. These hybrid modes are excited
by the hot electrons in Fe and then couple to vibrations in
MgO in a mode-selective, nonthermal manner. After several
picoseconds, the electrons and a subset of the phonons are in
mutual equilibrium. A second slower energy transfer process
by acoustic phonons contributes to thermalization of the entire
heterostructure. Finally, after 90 ps all the different phonon
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FIG. 2. Schematic of the UV femtosecond laser pump and pi-
cosecond soft x-ray absorption (XAS) or UED probe experiment and
the investigated [Fe/MgO] heterostructure sample. For more details,
see text.

subsystems are equilibrated and the complete heterostructure
is close to its fully thermalized state [20,22]. Due to the
considerably larger specific heat of the lattice relative to the
one of the electrons, the major part of the excess energy is
then hosted by the phonon subsystems of the Fe and MgO
constituent of the heterostructure.

In this paper, we report on the detailed inspection of
the constituent-specific pump-induced spectral changes in
transient soft XAS of a Fe/MgO heterostructure after laser
excitation with different incident fluences in the range of
8—25mJ/cm? on longer time scales (90 ps) after thermaliza-
tion. The analysis of the time-dependent spectroscopic fine
structures at the O K-edge on the relevant time-scales with
picosecond time resolution allows us to analyze the influ-
ence of thermal disorder very sensitively, as will be shown.
For quantification of the effects, a simple simulation and
fitting procedure of the pump-induced spectral features is
introduced. We will demonstrate that the oxygen absorption
K-edge of the insulator shows a uniform intensity decrease
of the fine structures for an equilibrated state of the com-
plete heterostructure. This individual pump-induced change
linearly depends on the incident laser fluence. Thereby, our
work demonstrates the sensitivity of transient XAS to lattice
excitations in oxides. The resulting lattice temperatures are
quantified by comparison with ab initio calculations.

II. SAMPLES AND METHODS

The investigated [Fe/MgO]s heterostructures (sketched in
Fig. 2) were grown by molecular beam epitaxy on a 200-nm
thick SizN4 membrane, which carries a 100-nm thick Cu heat
sink on its backside in order to dissipate the excess energy
deposited by the pump beam. The individual Fe and MgO
layers are 2nm thick, which was monitored during growth
by a quartz-crystal balance and subsequently determined by
x-ray diffraction. The sample preparation was carried out at a
temperature of 400 K in a background pressure of 10~'° mbar,
excluding contamination of the individual deposited layers
or oxidation of the Fe layers. Due to the use of the SizNy
membrane as a substrate the Fe and MgO layer stacks are
polycrystalline. The Fe-MgO interfaces are considered to be

atomically sharp as confirmed by interface sensitive Conver-
sion Electron Mossbauer Spectroscopy, which showed that a
potential intermixing of the constituents is limited to a maxi-
mum of one monolayer [20].

The investigated Fe/MgO heterostructure shows a MgO
band gap of 7.8 eV, with the Fermi-level of Fe located close
to the midgap position (Ref. [20]), resulting in an effective
charge transfer gap of A = 3.8 eV between occupied Fe states
and the MgO conduction band, as reported in [23]. Hence,
laser excitation with a pump photon energy smaller than the
bandgap of 7.8 eV provides a local pumping of exclusively the
metal constituent. Although a hot electron mediated charge
transfer after absorption of a UV laser photon with an energy
of A < hv < 7.8¢eV is energetically possible, we reported
previously [20] that the electron-electron scattering in the Fe
constituent suppresses this transfer effectively, so that it is not
observed in the experiment. For more details on the excitation
scheme of the Fe/MgO system, see Ref. [20] including the
supplement.

Time-resolved element-specific XAS experiments were
performed at the O K-edge to obtain a local, constituent spe-
cific probe of the insulator in the heterostructure. Experiments
have been performed at the FemtoSpex facility of BESSY 1I
(beamline UES56/1-ZPM) operated by Helmholtz Zentrum
Berlin [6]. We used 50-fs, 266-nm laser pulses with an inci-
dent fluence ranging from 8 to 25 mJ/cm? to induce transient
spectral changes in the metal/insulator heterostructure. For
the picosecond time-resolved experiments, we used soft x-ray
pulses with 70 ps duration, resulting in a total time resolution
of 70 ps determined solely by the probe pulse. The energy res-
olution was E/AE = 500, resulting in AE = 1.1eV atthe O
K-edge (=540¢eV). The temporal overlap of the femtosecond
UV pump and x-ray probe pulses has been determined by an
independent transmission experiment through a 20-nm thick
Fe reference film.

To directly study the lattice response of the heterostruc-
tures after femtosecond laser excitation time-resolved UED
experiments have been performed at the MeV-UED facility
at SLAC National Accelerator Laboratory [24]. Experimen-
tal details are presented in Ref. [20]. Relativistic (Exi, = 3.7
MeV) electron pulses with 200 fs duration (FWHM) and a
bunch charge of approximately 2x10° electrons have been
used to record Debye-Scherrer diffraction patterns of the poly-
crystalline samples after laser excitation in a normal-incidence
transmission geometry over a large momentum transfer range
of up to about 10 A=,

Samples for the UED experiments comprised similar
[Fe/MgO],,-heterostructures as for the XAS experiments,
however with a reduced Si;N4 substrate thickness of 20 nm
and without an additional metal layer as heat sink. Both a
symmetric [2nmFe/2nm MgO]e as well as an asymmetric
[2nm Fe/5 nm MgO]s heterostructure (to enhance the weak
scattering from MgO) have been investigated. These samples
were excited by 50-fs laser pulses at wavelengths of 267 and
400 nm, corresponding to photon energies above and below
the charge transfer gap, respectively, over an extended range
of excitation fluences.

The XAS of MgO were calculated from first-principles
using the Korringa-Kohn-Rostoker (KKR) multiple scat-
tering approach as implemented in the SPR-KKR package
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[25,26]. The ground-state spectrum was obtained within the
atomic sphere approximation using the generalized gradi-
ent approximation of Perdew, Burke, and Ernzerhof [27]
for the exchange-correlation functional and an angular mo-
mentum expansion up to f-states (/nax = 3). We used a
dense energy- (800 energy points along the contour line)
and k-mesh (11368 points in the irreducible Brillouin zone,
corresponding to a 55x55x55 mesh in the full zone) and
took into account states up to 47eV above the Fermi
level.

The calculation of the spectra follows the common scheme
for the T = OK case. However, instead of using a fixed lat-
tice geometry, we account for thermal displacement of the
ions which leads to a modification of O K-edge XAS arising
from lattice dynamics. We model this in the framework of
the alloy analogy model [28], which employs the coherent
potential approximation (CPA) to perform an average over
thermal displacements of the atoms. Their magnitude is de-
rived from a Debye model (®p = 743 K [29]) according
to the specific temperature 7. Considering the thermalized
situation and layer thicknesses used here, we treat the MgO
subsystem of the [Fe/MgO]s heterostructure as bulk, so there
is no anisotropy in the displacements. Note that since the
thermal averaging is done within the electronic structure cal-
culations, there is no need for an additional Debye-Waller
factor to account for finite temperature modifications. Modifi-
cations from thermal excitations of the electronic subsystem
can be considered small for an insulator and are not taken
into account in our approach. Concentrating on the impact
of the lattice vibrations on the spectra, we kept the volume
of the two atom primitive cell constant at ¢ = 4.214 A, thus
neglecting the effect of thermally induced lattice expansion
on the spectra, which one may consider of minor importance
on the short time scales considered here. Finally, we applied
to all spectra a broadening with a width of 1.5eV to simulate
the finite lifetime of the excited states due to electron-electron
interaction and the experimental energy resolution.

II1. RESULTS

A. O K-edge soft XAS

Figure 3 shows the pump-induced changes at the O K-edge
measured after excitation with 50 -fs laser pulses with 266 nm
wavelength at a fixed pump-probe delay of 90 ps for various
laser pump fluences, ranging from 8 to 25 mJ/cm?. The size
of pump-induced change, defined here as half of the peak-to-
peak amplitude, shows a linear relation with the pump fluence
(Fig. 3, inset). The pump-induced changes exhibit the same
spectral shape for all fluences, originating from a constant
intensity change of the fine structures of the x-ray absorption
signal, measured before excitation with the laser pump pulse
(so-called unpumped spectrum) as it will be demonstrated
below. It is one goal of this work to achieve a detailed under-
standing of the pronounced spectroscopic fine structures of the
pump-induced signal. Obviously the pump-induced signal ex-
tends over an energy range of at least 40 eV. In the following
section, an analysis procedure is presented to simulate these
changes in the spectral fine structure in this broader energy
range.
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FIG. 3. Top: X-ray absorption coefficient w(E) at the oxygen
K-edge before and after the UV pump-pulse excitation (pump-probe
delay time 90 ps, pump fluence 25 mJ/cm?). Bottom: Pump fluence
dependence of the relative pump-induced change {[upumped(E) —
Munpumped (B )]/ unpumpea (E ) }. The inset shows a linear dependence of
the size of the pump-induced change, defined as half of the peak-to-
peak value, on the pump fluence.

B. Simulation of the pump-induced change by intensity
modification of the oxygen K-edge XAS

To simulate the pump-induced change by intensity modi-
fication, we analyze the measured soft XAS as a function of
photon energy for the O K-edge before (unpumped spectrum)
and after optical excitation (pumped spectrum), as shown in
the top half of Fig. 4, exemplarily for an incident pump fluence
of 25 mJ/cm?. It is clearly visible that there are definite cross-
ing points of the unpumped and pumped spectra, which are
marked by vertical lines. The crossing points define the limits
of distinct energy windows where the pumped spectrum has
either lower or higher intensity than the unpumped spectrum
in this region, as indicated by the arrows. These points are
referred to as “isosbestic points” in other contexts [30,31].
The existence of the distinct energy windows is supported by
theory and will be discussed in Sec. IIID. By subtracting a
linear base line (blue solid line), originating from linear inter-
polation of the crossing points, from the measured unpumped
spectrum, the variation of the fine structure around the base
line is determined as shown in Fig. 4 (middle). Multiplying
these base line subtracted spectra with a constant reduction
factor decreases the intensity of the fine-structure variation
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FIG. 4. Depiction of the simulation and fitting procedure of the
intensity decrease for the case of the O K-edge. Top: Measured XAS
at the oxygen K-edge before and after optical excitation (pump-probe
delay time 90 ps, pump fluence 25 mJ/cm?). Measured spectra are
shown together with a linear base line (blue solid line) and an
artificially generated pumped spectrum (green dashed line) by an
amplitude reduction factor. Middle: Spectra of the top half after
subtracting the base line. The vertical lines indicate the crossing
points of the unpumped and pumped spectra. The crossing points
define distinct energy windows where the pumped spectrum has
either lower or higher intensity than the unpumped spectrum in this
region, indicated by the arrows. Bottom: Simulation of the pump-
induced signal by an amplitude reduction factor compared with the
experimental results. For details of the simulation, see the main text.

(Fig. 4, middle) and, after adding the same base line, results
in the simulated spectra, labeled as “pumped*” (Fig. 4, top).
Indeed the measured pumped spectrum can be reproduced
as can be seen in the agreement of the measured “pumped”
with the simulated “pumped*” spectra seen in Fig. 4. For a
fluence of 25 mJ/cm? we identified an intensity decrease of
the O K-edge with respect to the base line of 23% to model
the experiment as accurately as possible. Please note that with
this procedure only a single factor has to be applied to fit the
intensity in the entire energy range of the measured data (see
Fig. 4, bottom).

The spectral changes we observe at the O K-edge after laser
excitation are in qualitative agreement with the literature on

TABLE I. Assignment of the observed intensity decrease (with
respect to the base line) at the O K-edge for the measured pump
fluences to a calculated absolute temperature change.

Temperature change

Pump fluence Intensity decrease (from theory)

8 mJ/cm> 7% 140 K
13 mJ/cm? 13% 250 K
17 mJ/cm? 14% 280 K
21 mJ/cm> 15% 300K
25 mJ/cm> 23% 450 K

LaCoOs; [32], where the corresponding O K-edge exhibits an
intensity decrease of the fine structure. For LaCoQO3 it is found
that at the O K-edge, the spectral changes can be related to
elevated lattice temperatures.

As shown in Fig. 3, we measured the pump-induced
changes for various laser pump fluences, ranging from 8
to 25mJ/cm?. The pump-induced changes exhibit the same
spectral shape for all fluences. Hence, we can apply the in-
troduced fitting procedure for all the measurements and can
indeed successfully describe all of our measured spectra with
the individual simulation and fitting procedures. We find that
the size of the intensity decrease of the O K-edge fine structure
depends linearly on the pump fluence, just like the measured
size of the pump-induced change. We identify the largest
effect of the intensity decrease with respect to the base line
of 23% for the highest used fluence of 25 mJ/cm?. For the
lowest used fluence of 8 mJ/cm? we find the smallest effect of
the intensity decrease of 7%. Table I summarizes the resulting
dependence of the intensity decrease with respect to the base
line on the pump fluence. The temperature changes shown in
this table are determined from density functional theory as
explained below. The determination of the lattice temperature
is a crucial step. Therefore, we carried out UED experiments
to analyze this quantity experimentally as shown in the next
section.

C. Analysis of lattice temperature by UED

As discussed in detail in Ref. [20] in the UED experi-
ments the observed transient changes of the elastic scattering
intensity can be fully attributed to an incoherent excitation
of the lattice, i.e., changes of the r.m.s. atomic displacement
VA{u?). These lead to an order-dependent decrease of the
intensity of the different diffraction peaks according to the
Debye-Waller equation (Gy;: length of the reciprocal lattice
vector corresponding to a diffraction peak with Miller-indices
h,k,l):

Tng (1) _ ef%A(Hz)(f)'Gl%kl. (D
10
hkl

Using published temperature dependent Debye-Waller fac-
tors for Fe (e.g., Ref. [33] and references therein) and MgO
[34,35] the measured A (u?)(t) are converted into time depen-
dencies of the lattice temperature of both constituents of the
heterostructures. Typical results are shown in Fig. 5 (left) for
the asymmetric heterostructure after 267 nm excitation with a
fluence of F = 9mJ/ cm? (violet data points; filled circles: Fe;
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FIG. 5. Time-resolved UED to determine the temperature in the
Fe/MgO multilayer systems after laser excitation. Left: Time depen-
dence of the temperature in the Fe and MgO layers for symmetric
[Fe(2 nm)/MgO(2 nm) labeled as (2/2)] and asymmetric multilay-
ers [Fe(2 nm)/MgO(5 nm) labeled as (2/5)]. The wavelength in
nanometer of the pump pulse is given additionally. The labels “Fe”
or “MgO” refer to the component-specific diffraction pattern of the
heterostructure. Right: Correlation of the asymptotic temperature T,
on long time scales with the maximum temperature in the Fe layers
TFe.max-

open circles: MgO) as well as the symmetric heterostructure
after 400 nm excitation with F = 5mJ /cm? (blue data points:
Fe). Here it should be stressed that it is not straightforward to
compare the pump pulse fluences in the UED measurements
with the x-ray absorption experiments as the absorbed fluence
is crucial, whereas the incident fluence is given. However,
both fluences are in the same order of magnitude, with the
ones in the UED being presumably all slightly smaller than in
the XAS.

Before discussing these results, two points need to be
emphasized. First, the changes of the diffraction pattern are
dominated by Fe, in particular at early delay times. Therefore,
and due to the fact the diffraction peaks of Fe and MgO
partially overlap, the lattice temperature in MgO could be
reliably determined only for longer delay times (i.e., after a
few picoseconds) and only for the asymmetric heterostructure
due to its increased MgO-content. Second, the temperatures
determined at early delay times (up to 2 ps) must be in-
terpreted with some care since the phonon systems exhibit
initially nonthermal populations [20,36,37]. However, since
our analysis focuses on the relaxation and equilibration of the
heterostructures and thus on the behavior at later times, this is
a less serious problem.

For both heterostructures, the lattice temperature in Fe
rises rapidly, reaching its maximum value after about 1-2 ps,
indicative of the strong electron-phonon interaction in Fe,
which is further enhanced by coupling of excited electrons
in Fe to hybrid interface vibrational modes as reported in
[20]. Subsequently the temperature in Fe starts to decrease,
reaching a stationary value after about 15-20 ps (described
here as the asymptotic temperature), while the temperature in
MgO increases toward the same value as in Fe. The asymptotic
temperature values in Fe and MgO have been determined
using Debye-Waller factors for an equilibrium situation. That

these values for Fe and MgO coincide clearly indicates that
the whole heterostructure has reached an equilibrium state and
that a thermal description is justified at these later time delays.

This is also demonstrated by the data presented in Fig. 5
(right), which shows the asymptotic temperature of Fe (filled
symbols) and MgO (open circles) as a function of the max-
imum temperature in Fe (corresponding to data obtained at
different laser fluences, blue and violet data points correspond
to excitation with 400- and 267-nm laser pulses, respectively).
For the asymmetric heterostructure, where a reliable tempera-
ture determination in MgO had been possible, the asymptotic
temperatures in Fe and MgO are identical (within the errors of
the measurements) over the whole range of excitation fluence
and follow a linear dependence (starting at 300 K/300 K).
A similar dependence is observed for the symmetric het-
erostructure. However, due to the smaller MgO thickness, the
asymptotic temperature (which could here only determined
for Fe) is higher at a given maximum temperature than for
the asymmetric heterostructure.

In conclusion, the UED measurements demonstrate that the
heterostructures fully equilibrate within 15-20 ps and that for
a symmetric structure the temperature in MgO reaches values
of 500-550 K for laser fluences around 10 mJ/cm?.

D. DFT calculations

Figure 6 shows results of DFT calculations of the O K-edge
XAS of bulk MgO using the KKR-CPA approach. The calcu-
lations were carried out with the alloy analogy model [28,38]
for different lattice temperatures. Naturally the DFT approach
applies to larger time scales beyond 20 ps. Here, the phonon
systems of the individual layers and the entire heterostructure
have equilibrated, making a quasistatic description by a com-
mon lattice temperature feasible. Moreover, the equilibrated
state of the heterostructure allows the comparison of the
spectra of the O K-edge in experiment (heterostructure) and
theory (bulk MgO). These results support our interpretation
of the experimental data. Changes in the vibrational density
of states of MgO due to hybridization with Fe phonon modes
at the interface occur for high-energy phonon modes in the
heterostructure. However, their influence is mainly restricted
to the nonthermal, subpicosecond energy transfer dynamics
[20]. On the longer time scales analyzed here, the lower en-
ergy acoustic phonon modes play a dominant role. Matching
with our experimental results, the calculation shows that with
increasing temperature, there is essentially no shifting of the
spectral feature at the O K-edge but that the overall fine
structures are suppressed in their intensity (Fig. 6). Moreover,
the calculation demonstrates that there are indeed defined
regions where the XAS at elevated temperature has lower or
higher intensity than the spectra at lower temperature, thus
supporting our simulation procedure (see Fig. 4). The energy
regions defined in our experimental analysis seen in Fig. 4 are
nearly identical in the DFT calculations as can be seen in the
very similar zero crossings in Fig. 6 (bottom).

Consequently, we can relate the magnitude of the inten-
sity suppression to an induced lattice temperature change:
Using the spectrum at 300 K, we generate the spectra at el-
evated temperatures by the same procedure. Figure 6, shows
that the simulated spectra (dotted lines) match the calculated
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FIG. 6. Top: DFT calculations of the O K-edge XAS of bulk
MgO at four different temperatures modeled with a corresponding
set of thermal displacements in the framework of the alloy analogy
model [28,38] (solid lines). With increasing temperature, the calcu-
lations show an overall intensity suppression of the fine structures.
There are well-defined energy regions where the XAS at elevated
temperature has lower or higher energy than the spectrum at lower
temperature, indicated by the arrows. Additionally, spectra gener-
ated from the 300K spectrum (dotted lines) are shown (modeling
according to Fig. 4). These match the corresponding finite temper-
ature KKR-CPA spectra. Bottom: Comparison of the experimental
pump-induced signal (Fig. 3, pump fluence 25 mJ/cm?) with the
relative difference of the calculated XAS at 300 and 750 K. For
this comparison, relative changes after subtraction of a base line
(see Fig. 4) are considered.

ones (solid lines) in intensity and shape reasonably well.
With this relation we can show that the combination of our
simulation and fitting procedure and the KKR-CPA calcu-
lations offer a powerful possibility to analyze and quantify
measured pump-induced lattice temperature changes in an
insulator.

The intensity decrease of the O K-edge with respect to
the base line of 23%, measured for a fluence of 25 mlJ /cm2
resembles a lattice temperature change of 450 K. This value
nicely connects to the temperature increase determined by the
UED experiments. Furthermore, this temperature change is of
the same order of magnitude as previous findings of an equi-
libration temperature of the heterostructure at pump-probe
delays of >5 ps, as determined by UED measurements [20],
where it was shown that fluences of only 9 mJ/cm? yielded a
temperature change of ATyo = (130 £ 10) K at time delays
larger than 5 ps. These results match with the results presented
in Table I for lower fluences.

E. Discussion

In a simplified picture, one can view the effect of the
lattice vibrations on the near-edge spectra in the following
way: The XAS of the sample at low temperature (7 = 0K in
the DFT calculation) can be viewed as a reference spectrum.
This spectrum exhibits pronounced fine structures. Increase
of temperature leads to a broadening of the fine structures
with the consequence that peaks are reduced and valleys are
filled. In the extended energy range of the XAS, the oscillatory
fine structures are denoted as EXAFS. These fine structures
originate from constructive and destructive interference phe-
nomena of the outgoing photoelectron wave being scattered
at the surrounding atoms. Lattice excitations lead to a reduc-
tion of the oscillatory fine structure. In the present work, we
focus on the near-edge regime which can be described in a
multiple scattering approach. In the following we discuss the
suppression of the O K-edge fine structures in the near-edge
region observed in the experiment (Fig. 3) and theory (Fig. 6)
with increasing temperature. We want to draw a connection
to the extended energy regime and the effect of the increase
of thermal disorder. In the extended energy regime, the EX-
AFS Debye-Waller factor e=27 ()% with k being the wave
number of the photoelectron, describes the reduction of the
oscillatory fine structures with increasing temperature 7 by
the increasing mean-square relative displacement (7). The
value of o2(T) can differ from (u?) given in Eq. (1) as the
relative motion of absorbing and backscattering atoms is rel-
evant in the EXAFS process, whereas the absolute values of
the mean-square displacements are crucial for the amplitude
reduction in diffraction experiments. An approximative way
to account for atomic vibrations in the XAS near-edge region
by extending this method was suggested and applied in the
past [39,40]. It consists in multiplying the free-electron prop-
agator in the multiple-scattering series by the Debye-Waller
factor, meaning that only pairwise fluctuations of interatomic
distances are considered. As the Debye-Waller factor reduces
both the positive as well as the negative parts of the EXAFS
oscillations, this procedure would lead to reducing the peaks
and filling the valleys in the near-edge fine structure. It fol-
lows from Figs. 4 and 6 that this simple picture explains the
trends visible in the experiment as well as in more advanced
calculations. Because of the analogy in describing the thermal
disorder in the EXAFS region and in the near-edge region, one
can understand that elevated phononic temperatures do not in-
duce an energy shift but an intensity decrease of the near-edge
fine structures. Generally, other temperature-induced changes
in XAS are also possible in principle. For example, instanta-
neous reduction of the symmetry around the photo-absorbing
atom caused by the vibrations can add a p character to orig-
inally d states at the bottom of the conduction band, giving
rise to a prepeak for some systems [41]. For large temperature
differences, the thermal expansion will lead to small changes
in the peak positions [42]. For electronic temperatures com-
parable to the Fermi temperature, the electronic structure will
be influenced by the changes in the Fermi-Dirac distribution
function, chemical potential, and exchange-correlation effects
[43]. However, these effects are not significant in our situa-
tion, which is dominated by the reduction of the amplitude of
the fine-structure oscillations.
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By comparing the amplitude of the simulated spectral
changes to the calculated spectra for elevated lattice tempera-
tures (cf. Fig. 6), we are able to assign the observed intensity
decrease at the O K-edge to an absolute temperature change.
Table I summarizes the resulting relation between the pump
fluence, the intensity decrease with respect to the base line,
and the temperature change for all of our measurements. The
experimentally determined amplitude reduction of 23 % is
connected to a temperature increase of AT = 450K as de-
duced from the DFT calculations. This temperature increase
is in the same order of magnitude as determined by the UED
experiments for the symmetric multilayer for similar pump
fluences presented in Fig. 5 (left) and justifies our analysis.

IV. CONCLUSION

In conclusion, we report the spectral changes of the oxy-
gen K-edge XAS of a metal/insulator heterostructure after
laser excitation. For the oxygen K-edge of the insulator, an
elevated phononic temperature manifests in a uniform in-
tensity decrease of the fine structure. In order to quantify
these changes, the spectral signatures can be simulated and
fitted by a simple procedure which considers an intensity de-
crease of the XAS fine structures. This interpretation is further
supported by comparison to DFT-based calculations of the
temperature-dependent spectra. For all incident laser fluences
of up to 25 mJ/cm?, the pump-induced changes show a linear

dependency on the pump fluence. Our work demonstrates the
sensitivity of transient near-edge XAS to phonons. Similar
modeling in the future might be exploited to analyze and
quantify the nature of lattice excitations also under conditions
of phonon nonequilibrium, where a description by a common
lattice temperature is not applicable.
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