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Dynamics of optical excitations in a Fe/MgO(001) heterostructure
from time-dependent density functional theory
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In the framework of real-time time-dependent density functional theory we unravel the layer-resolved
dynamics of excited carriers in a (Fe)1/(MgO)3(001) multilayer after an optical excitation with a frequency
below the band gap of bulk MgO. Substantial transient changes to the electronic structure, which persist after the
duration of the pulse, are mainly observed for in-plane polarized electric fields, corresponding to a laser pulse
arriving perpendicular to the interface. While the strongest charge redistribution takes place in the Fe layer, a
time-dependent change in the occupation numbers is visible in all layers, mediated by the presence of interface
states. The time evolution of the layer-resolved time-dependent occupation numbers indicates a strong orbital
dependence with the depletion from in-plane orbitals (e.g., dx2−y2 of Fe) and accumulation in out-of-plane orbitals
(d3z2−r2 of Fe and pz of apical oxygen). We also observe a small net charge transfer of less than one percent of
an electron away from oxygen towards the Mg sites, even for MgO layers which are not directly in contact with
the metallic Fe.
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I. INTRODUCTION

Resolving the impact of optical excitations on the dif-
ferent degrees of freedom present in solid-state materials
on ultrashort time scales provides important insight in the
coupling mechanisms present in modern functional materials.
This is relevant for the preparation of novel transient states
of matter, which cannot be reached in an ergodic process
under equilibrium conditions but can be accessed through the
excitation with a strong laser pulse [1–4]. Such questions are
addressed in pump-probe experiments using optical or x-ray
pulses with femto- or picosecond delay. A large fraction of
these experiments are devoted to resolving and controlling
the dynamics of magnetization reversal processes [5,6] (for
an overview, see also Ref. [7] and references therein) and the
particular dynamics of spin and orbital moments in metals
[8]. Furthermore, the spin-relaxation time of hot carriers in
Au was studied in an optical-pump second-optical-harmonic
probe experiment on a Au/Fe/MgO(001) multilayer stack
[9]. Another outstanding example is the investigation of the
dynamics of the electronic structure in the laser-induced
insulator-to-metal transition in VO2 [10].

From a theoretical point of view, time-dependent den-
sity functional theory (TDDFT) has evolved to a major
workhorse in describing the excitation of molecules and ex-
tended systems by laser pulses (for recent reviews, see, e.g.,
Refs. [11–14]). For weak laser pulses, linear-response TDDFT
(LR-TDDFT) with an appropriately chosen exchange-
correlation kernel can provide an adequate description of
the frequency-dependent excitation spectrum [15]. For strong
pulses, where nonlinear effects become relevant, real-time
TDDFT (RT-TDDFT) approaches based on the explicit
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solution of the time-dependent Kohn-Sham equations with
an external time-dependent electrical potential need to be
employed. The high computational demand limits the system
size, but increasing computing power and ongoing code devel-
opment help to overcome the limitations. A large fraction of
TDDFT calculations is concerned with zero-dimensional sys-
tems, such as molecules or clusters (e.g., Refs. [16–19]). More
recently, also bulk systems are addressed with RT-TDDFT,
for instance, to disentangle the demagnetization processes
in metals [20–22] or to describe light-matter interaction in
semiconductors [23–25], including the numerical simulation
of pump-probe experiments in Si [26]. Increasingly, also time-
dependent processes in complex systems were investigated,
such as reactions at surfaces [27,28], magnetic transitions in
metal multilayers [29,30], or ultrafast charge-transfer dynam-
ics in van der Waals coupled dichalcogenide layers [31–33].

Interfaces are ubiquitous in many of the above materials,
as these are grown on substrates or designed as multilayer
systems. These may decisively influence the dynamics and
dissipation of optical excitations. Therefore the spatial prop-
agation of excited carriers through an interface can be con-
sidered as an important fundamental research question. In
the present work, we will concentrate on a system consisting
of a metallic part and a wide-band-gap insulator. We have
selected the paradigmatic system Fe/MgO(001), for which
the electronic and transport properties have been intensively
studied in the past [34–44] due to its relevance for spintronics
applications as a tunneling magnetoresistive element in hard
disk read heads [45,46] or spin diode or rectifier for magnetic
logic elements [47]. The choice of the system was also moti-
vated by recent optical-pump, x-ray-probe experiments, where
the optical-pump pulse was designed to excite the metallic
subsystem only [48].

The purpose of the present work is to explore with RT-
TDDFT under which conditions an optically induced elec-
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tronic excitation may propagate into and possibly through
the interface. Due to the high computational cost of this
method, we concentrate here on a minimal heterostructure
containing a single Fe layer and three layers of MgO, i.e.,
Fe1/(MgO)3(001). We consider laser pulses with a frequency
which is lower than the band gap of MgO but sufficiently
large to excite electrons in Fe to a level close to or above the
conduction-band minimum of MgO. Our main focus is then
on the temporal and spacial evolution of electronic density and
orbital polarization as a function of the laser pulse polarization
direction and frequency.

The paper is structured as follows: After a presentation
of the computational details in Sec. II, a brief discussion
of the ground-state geometry and electronic structure of the
Fe1/(MgO)3(001) heterostructure is given in Sec. III A. In
Sec. III B, we discuss the strongly anisotropic frequency-
dependent properties of the system, which are related to the
imaginary part of the dielectric tensor obtained with LR-
TDDFT. Section III C reports the real-time evolution of the
electronic system following an excitation with optical pulses
as a function of frequency and polarization direction. Finally,
the results are summarized in Sec. IV.

II. COMPUTATIONAL DETAILS

The ground-state properties (lattice parameters and atomic
positions) were obtained with the VASP plane-wave code [49]
(version 5.4.4) using the generalized gradient approximation
(GGA) by Perdew, Burke, and Ernzerhof (PBE) for exchange
and correlation [50] with a plane-wave cutoff of 500 eV. We
employed potentials with the valence configuration 2s22p4 for
O, 3s2 for Mg, and 3d74s1 for Fe, constructed for use with
the projector augmented wave method (PAW) [51]. Brillouin
zone integration was carried out on a 12 × 12 × 4 k mesh
with Gaussian-type Fermi-surface smearing (σ = 0.1 eV).
Convergence criteria for the electronic self-consistency cycle
and for internal position and lattice parameters are 10−7 and
10−5 eV, respectively. Since we are not primarily interested in
magnetization dynamics, spin-orbit coupling was not consid-
ered in our calculations.

The electronic structure, optical absorption spectra, and
time evolution after optical excitation were calculated with the
previously optimized geometry using the ELK full-potential
augmented plane-wave code [52]. For consistency with the
real-time calculations we have selected the local density ap-
proximation (LDA) for the exchange-correlation functional of
Perdew and Wang (PW92) [53]. Site-resolved density of states
and magnetic moments are in close agreement with the VASP

calculations using PBE. A cutoff parameter R Kmax = 7 for
the plane waves and a maximum angular momentum lmax =
7 for the PAW functions was used in combination with Fermi-
type smearing, corresponding to an electronic temperature of
T = 316 K and muffin-tin radii of 1.139 Å for Fe, 1.164 Å for
Mg, and 0.855 Å for O. Convergence criterion for electronic
self-consistency was a root-mean-square change of 10−7 in
the Kohn-Sham potential.

The dynamic evolution of an optical excitation was cal-
culated with TDDFT in the real-time (RT) domain using
adiabatic LDA (ALDA), which is local in space and time.
We used a 8 × 8 × 3 mesh in reciprocal space and the above-

mentioned technical parameters. The time propagation was
carried out for at least 42 fs, discretized with a time step
of 0.1 a.u. = 2.419 × 10−18 s. The numerical stability of the
time evolution was tested in an additional run without an
externally applied laser pulse, confirming that the system
remains in its initial state. The laser pulse was modeled
by a time-dependent but spatially constant vector potential
�A(t ), which contributes to the kinetic energy in the time-
dependent Kohn-Sham equations in terms of the general-
ized momentum operator �̂p = − i h̄

me
∇ + e0

c
�A(t ). We simulated

laser pulses with different frequencies. In all cases, the waves
were convoluted with a Gaussian with FWHM of 5.81 fs,
which corresponds to an effective peak time of 11.6 fs. Finally,
we scaled the amplitudes to obtain a constant peak power
density of 4.2 TW/cm2 for all pulses. Multiplied with the
FWHM, this yields a laser fluence of 25 mJ/cm2, which is
a typical magnitude in pump-probe experiments [54,55].

The dynamic changes of the occupation numbers during
and after applying a laser pulse were monitored by the
time-dependent spectral function D(E , t ), see Ref. [29]. The
spin-resolved Dσ (E , t ) is calculated from the projection of
the time-propagated orbitals �(�r, t ) j�kσ

onto the ground-state
Kohn-Sham orbitals at t = 0, which can be used to define
time-dependent and spin-resolved occupation numbers (with
spin index σ ):

gi�kσ
(t ) =

∑
j

n j�kσ

∣∣∣∣
∫

d3r � j�kσ
(�r, t )�∗

i�kσ
(�r, 0)

∣∣∣∣
2

. (1)

These are associated with the energies corresponding to the
respective orbitals in the ground state and integrated over the
Brillouin zone (BZ), obtaining the expression

Dσ (E , t ) =
∑

i

∫
BZ

d3k δ(E − εi�kσ
) gi�kσ

(t ). (2)

For the following discussion it is important to keep in mind
that Dσ (E , t ) is used here as an effective tool to visualize
the change in the occupation of particular orbitals; differences
between features in Dσ (E , t ) do not necessarily correspond to
real excitation energies.

The frequency-dependent dielectric function was calcu-
lated in the framework of the random phase approximation
(RPA) in the limit q → 0, neglecting microscopic contri-
butions. We compared these results with LR-TDDFT, tak-
ing into account many-body effects with the “bootstrap”
(BS) exchange-correlation kernel [56], which includes self-
consistently optimized long-range corrections. These calcu-
lations were carried out with a 16 × 16 × 6 k mesh for
Fe1/(MgO)3(001), 323 k points for bulk Fe, and 483 k points
for bulk MgO.

III. RESULTS

A. Geometry and electronic structure

While the possibility of a FeO layer formation at the
interface has also been addressed [58–62], most of the studies
of Fe/MgO heterostructures use sharp interfaces [34,42,57].
In our approach we adopted the latter model, having O located
apically to the Fe [34,42,57], as this configuration shows the
lowest interface energy [63]. The superlattice consists of one
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FIG. 1. Unit cell of the four-layer Fe1/(MgO)3(001) heterostruc-
ture, consisting of one Fe layer, the central MgO, and one MgO
interface layer (IF) after structural optimization (a = b = 2.972 Å,
c = 8.432 Å). The numbers indicate the magnetic moments in the
muffin-tin spheres obtained from ELK (LDA).

Fe layer and three layers of bulk MgO. The optimized cell
parameters for the structure shown in Fig. 1 are c = 8.259 Å
and a = b = 2.954 Å, indicating a reasonable lattice mis-
match of −3.1 % for MgO and +4.4 % for Fe, compared to
the lattice constants of the respective bulk systems obtained
with similar technical settings. The distance between interface
(IF) O and Fe is 2.020 Å, while the MgO (IF) layer turns out
to be slightly corrugated: the distance between the central Mg
and O (IF) amounts to 2.109 Å, whereas the one between Mg
(IF) and central O is slightly larger, 2.193 Å, in agreement
with earlier studies [58,64,65]. Using ELK for the optimization
of the atomic positions, we obtain a very similar result [66];
with ELK, Mg (IF) and O (IF) move slightly closer to the
Fe plane. The variation of the z-component difference to the
VASP (PBE) result is 0.009 Å for Fe-Mg and 0.010 Å for
Fe-O within ELK-PBE and 0.008 Å for Fe-Mg and 0.030 Å
for Fe-O within ELK-LDA, retaining the corrugation of the IF
layer for both codes and functionals. The magnetic moment
of Fe is 2.25 μB, close to the value for bulk bcc-Fe. On the
other hand, thicker Fe films in Fe/MgO(001) exhibit enhanced
magnetic moments (not shown here), consistent with previous
first-principles theory [64,67,68] and experiment [69–71].
Owing to the reduced dimensions, the bandwidth of the single
Fe layer is significantly narrowed compared to bulk Fe (cf.
projected density of states in Fig. 2, left panel). The Fermi
level is now pinned in a dip in the minority spin density of
states (DOS) between the predominantly occupied dxy and
dx2−y2 orbitals around −0.5 eV and the unoccupied dxz and
dyz at +0.3 eV. The hybridization of Fe with the apical O
leads to broadening and splitting of the majority spin d3z2−r2

band into bonding and antibonding contributions centered at

FIG. 2. Spin-resolved layer-resolved electronic partial density of
states (PDOS) of Fe1(MgO)3(001) obtained with ELK (LDA). The
left panel shows the Fe-projected PDOS (blue lines), the center and
right panel the PDOS from Mg, O, and their sum (�) in the IF and
center layer, respectively. Here, red dashed lines correspond to the
O-projected PDOS, while solid violet lines mark the contribution
from Mg. Their sum is indicated by the green lines and background.
For Fe and O (IF), additional labels indicate the orbitals which
predominantly contribute to selected important features.

−3 and +1 eV, respectively. The pseudogap in the majority
channel close to the Fermi level and the finite DOS in the mi-
nority spin channel imply a significant spin dependence of the
transport properties for the Fe1/(MgO)3(001) heterostructure.
The correspondence of the peaks in the Fe- and MgO partial
DOS (PDOS) in the adjacent interface (IF) layer (middle panel
of Fig. 2) indicates strong hybridization between Fe and O
states in the energy range between –3 and +3 eV. The sharp
peaks in the Fe PDOS at around –2 eV in the majority channel
and around –0.4 and +0.3 eV in the minority channel, which
result from d orbitals with in-plane orientation, coincide with
the positions of px and py states of O (IF). Likewise, we
see marked features with pz character at +0.8 and +2 eV
above the Fermi level, which are the result from the strong
hybridization with the out-of-plane d3z2−r2 orbitals of Fe.
The features at +0.3, +0.8, and +2 eV turn out to be of
particular importance for the optical excitation discussed in
in Sec. III C. The energy range below –3 eV and above
+3 eV, particularly in the central MgO layer (the right panel of
Fig. 2), resembles bulk MgO. Still, some hybridization effects,
for instance, the pz features above the Fermi level, are visible
in the central layer, indicating that the interface region extends
to deeper MgO layers. Nevertheless, the correspondence to
the DOS of bulk MgO enables us to estimate the band
alignment at the Fe/MgO interface within the local density
and generalized gradient approximations used here. We note
that LDA and GGA exchange-correlation functionals severely
underestimate the band gap of MgO, which can affect the band
alignment. Using LDA with the same technical parameters as
in our TDDFT setup at the experimental bulk lattice constant,
the direct MgO gap at � amounts to 4.64 eV, compared to
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the experimental value of 7.7 eV [72–74]. The size of the
band gap can be corrected by using hybrid functionals or
many-body perturbation theory using the GW approximation
(e.g., Refs. [75–77]) and the Bethe-Salpeter equation (BSE)
that are beyond the scope of the present investigation.

It is not straightforward to identify the position of the bulk
MgO gap in the heterostructure. Interface states, as discussed
above, arise from the hybridization with orbitals originating
from the metal layers. These decay exponentially in the MgO
layers, as, e.g., shown in Ref. [78] for a Si/SiO2 interface.
In addition, one may also consider a change of the gap due
to quantum confinement effects. Epitaxial strain arising from
the combination of different materials also affects the band
structure. One could infer from the right panel of Fig. 2, which
shows the valence-band maximum in the central layer about
3.7 eV below the Fermi level, that the conduction-band mini-
mum of MgO should be located between 1.0 and 1.5 eV above
EF. Consequently, the px, py, and pz interface states of O (IF)
just above EF would essentially lie within the gap, whereas the
second pz interface state at +2.0 eV would already be within
the conduction band. A projection of the bulk band structure
of MgO calculated in the same Brillouin zone onto the bands
of the Fe1/(MgO)3(001) heterostructure (not shown) indeed
reveals a good match with the valence-band maximum of
MgO at � with the Fe/MgO bands around −3.72 eV. Above
the Fermi level, bands with significant Mg and O character at
� at about 1.20 and 2.15 eV can be associated with the lowest
conduction bands of bulk MgO. Naturally, the band alignment
depends also on the thickness of the slabs. For comparison, in
the Fe8/(MgO)8(001) heterostructure investigated in Ref. [48]
the valence-band maximum of the central layer is located at
–3.34 eV, while states at � which may be associated with the
conduction-band minimum of the MgO slab are encountered
at 1.67 and 1.85 eV.

B. Absorption spectra from linear-response TDDFT

The optical properties of the heterostructure are reflected
in the frequency-dependent dielectric tensor ε(ω), which can
be derived from the electronic structure in terms of the
frequency-dependent Kohn-Sham susceptibility. We calcu-
lated the imaginary part Im[ε(ω)], which describes the ab-
sorption of the material, within the RPA and also with TDDFT
in the linear-response scheme. We compare Im[ε(ω)] of the
Fe1/(MgO)3(001) heterostructure with the respective bulk
systems, i.e., bcc-Fe and rocksalt MgO, see Fig. 3. The bulk
results agree well with the results of previous calculations
[79–82] obtained within the same level of approximation. For
metallic Fe, including the microscopic contributions from the
exchange-correlation kernel does not notably alter the results,
even with long-range corrections. In contrast, the “bootstrap”
kernel (BS) leads to a significant renormalization of the
optical absorption spectrum for the insulating bulk MgO,
which strongly improves the agreement with experiment at
larger excitation energies, whereas the appropriate description
of the strong excitonic peak at 7.7 eV requires many-body
perturbation theory involving the Bethe-Salpeter equation
[76,80,82].

Due to the broken symmetry in z direction, the difference
between the in-plane (εxx and εyy, upper panel) and out-of-

FIG. 3. Frequency dependence of the imaginary part of the di-
electric tensor Im[εi j (ω)] in the Fe1/(MgO)3(001) heterostructure
obtained with ELK within the random phase approximation (RPA)
and LR-TDDFT, with the “bootstrap” (TDDFT-BS) exchange-
correlation kernel. The upper panel shows the in-plane compo-
nents Im[εxx(ω)] = Im[εyy(ω)] and the out-of-plane component
Im[εzz(ω)]. The Im[εxx(ω)] bears similarity with Im[ε(ω)] of bulk
Fe, while Im[εzz(ω)] resembles bulk MgO. The spectra of bulk
Fe and MgO are shifted vertically by a constant value of 5 for
clarity. The vertical lines denote the laser frequencies used in our
RT-TDDFT calculations.

plane (εzz, lower panel) components of the dielectric tensor
indicates a substantial dependence on the polarization of the
incident light wave. The in-plane components of the imagi-
nary part of the dielectric tensor resemble (apart from a factor
2 in magnitude) the respective quantity of bcc Fe, with a large
absorption in the low-energy region. This corresponds to the
setup where the incident light wave arrives perpendicular to
the absorbing Fe layers. In contrast, the frequency dependence
of the out-of-plane component Im[εzz(ω)] bears similarity to
Im[ε(ω)] of bulk MgO, where absorption takes place only
for photon energies above the gap. In the Fe1/(MgO)3(001)
heterostructure, the band alignment of MgO with metallic Fe
and the presence of IF states below and above EF arising from
hybridization causes weak absorption in the entire energy
range below 4.7 eV.

Taking into account many-body effects in the frame-
work of the bootstrap exchange-correlation kernel [56] ap-
parently does not make a substantial difference for metallic
Fe and accordingly, also the in-plane components in our
Fe1/(MgO)3(001) heterostructure. For bulk MgO, the boot-
strap kernel causes a downward shift and rearrangement of
the features at 8.5 and 11 eV as compared to RPA. For the
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h̄ω =0.816eV h̄ω =1.632eV

FIG. 4. Time evolution of the charge distribution during a laser pulse with frequency (a) h̄ω = 0.816 eV and (b) h̄ω = 1.632 eV. The
upper panels show the change in electronic density ρ(�r, t ) relative to the initial state ρ(�r, t ) − ρ(�r, 0) in terms of isosurfaces corresponding
to charge levels of ±2 × 10−3 e0/a3

B at three different points in time (t = 8.1, 11.8, and 20 fs). Red color denotes a depletion of electronic
(negative) charge, blue an accumulation inside the isosurface. The panels in the central row represent the time dependence of the external
vector field �A(t ) = Ax �ex (solid black line) and the resulting electric field �E (t ) = −∂ �A/∂t (dashed green line). The lower panels depict the
time-dependent change in the electronic charge �Q = Q(t ) − Q(0) residing inside the muffin-tin spheres of Fe, Mg, and O in the different
layers.

out-of-plane Im[εzz(ω)] Fe1/(MgO)3(001), we rather notice a
redistribution of spectral weight in opposite direction for the
TDDFT calculations compared to the RPA.

C. Real-time evolution of optical excitations

To investigate the dynamics of excitation and charge
transfer into and across the interface, we chose three
different frequencies for optical excitations, h̄ω =
0.816, 1.632, and 3.265 eV, while keeping the laser fluence
constant. All three excitations are clearly within the gap
of bulk MgO; thus a direct excitation from the valence
band to the conduction band cannot take place. However,
the band alignment in our heterostructure suggests that the
conduction-band edge of MgO is located between 1.2 and
2.2 eV above the Fermi level, as discussed in Sec. III A.
Thus the lower frequency produces excitations in Fe with
final states predominantly below the conduction-band edge of
MgO, while with h̄ω = 1.632 eV one can already address
states in the central layer which correspond to the conduction
band of MgO. For completeness, we considered a third
energy, h̄ω = 3.265 eV, which clearly reaches Fe states

above the conduction-band minimum of MgO, while a direct
excitation of carriers between states corresponding to the
MgO valence and conduction band is still inhibited. Besides
the frequency dependence, we explore the effect of different
polarization directions of the incoming light wave.

1. In-plane polarization

In a typical setup in pump-probe experiments, the laser
pulse propagates normal to the sample surface. The electrical
field components are then confined within the x-y plane.
Figure 4(a) presents the evolution of the charge distribution
during and after an in-plane polarized laser pulse of h̄ω =
0.816 eV. While this energy is not yet sufficient to reach the
MgO conduction band in the heterostructure, Fig. 4(b) shows
the corresponding results for a pulse with h̄ω = 1.632 eV,
where the transfer of an excitation to the conduction band
minimum of the central MgO layer is possible. Apart from
the smaller amplitude of the charge fluctuation [cf. the lower
panel of Fig. 4(b)], the electric field causes a rather analogous
response in both cases. The upper panels visualize snapshots
of the electron density redistribution at t = 8.2, 11.9, and
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FIG. 5. Site-resolved time-dependent partial spectral function Dσ (E , t ) for h̄ω = 0.816 eV evaluated at four different points in time,
corresponding to the snapshots in the charge density in Fig. 4(a): t = 0 (thin dash-dotted line), t = 8.2 fs (thick black line), t = 11.9 fs
(thick red line), and t = 20.1 fs (thick dashed cyan line). The gray hatched areas in the background show the corresponding static partial DOS
obtained from a ground-state calculation with the same technical settings.

20.1 fs which correspond to the onset of the pulse, the
largest amplitude of the vector potential, and after the decay
of the laser pulse, respectively. Our results show that the
redistribution is strongest around the Fe sites but affects the
whole MgO region. At the onset of the pulse, charge dipoles
form particularly at Fe and the apical O sites and to a lesser
extent also at the Mg and central O sites. At the Fe site, the
redistribution of charge exhibits a strong orbital dependence:
charge is depleted essentially from the in-plane d orbitals (dxy,
dx2−y2 ) and accumulated in out-of-plane orbitals (d3z2−r2 , dxz,
dyz). Similarly, an accumulation is observed in the pz orbital
of the apical oxygen. The oscillation of the electrical field in
x direction forces the dipoles around the apical O to rotate
with the accumulated (blue) electron bulb always located
between the O and Fe sites. With decreasing field
strength the redistribution of charge largely regresses, par-
ticularly in the central layer and at Mg (IF). The prominent
features at the Fe and the apical O (IF) sites remain, finally
reaching a steady, weakly oscillating state. (An animation
of the time-dependent evolution of the charge distribution is
provided as Supplemental Material [83].)

The integrated charge contained in the muffin-tin spheres
centered around each lattice site shown in the lower panels
of Fig. 4 renders a complementary view of the dynamical
evolution of the charge distribution. During the pulse, the
electric field accelerates the electronic charge which tem-
porarily leaves the muffin-tin spheres. When the field reaches
its negative turning point, the charge is largely restored. This
picture is encountered only for the Fe and O spheres, which
harbor a significant amount of valence charge as opposed
to Mg. The reduction of charge at Fe and O sites starts at
approximately t = 7 fs, while a much smaller accumulation
in the Mg spheres is encountered later, at t = 9 fs. Since
the total charge in the system is conserved, we conclude that

with each oscillation of the field, charge subsequently swashes
out of the O and Fe spheres into the interstitial, from where
a fraction eventually moves into the positively charged Mg
spheres. Thus, the light field effectively pumps electronic
charge from the O towards the Mg sites. Interestingly, the
behavior of the IF and central layer is qualitatively similar but
differs in magnitude, due to the fact that the central MgO layer
of this thin heterostructure has not yet reached bulk optical
properties. This effect remains stationary even after the laser
pulse has been switched off.

Further insight into the evolution of the electronic struc-
ture can be obtained from the spin- and site-resolved time-
dependent spectral function Dσ (E , t ), shown in Fig. 5 for
h̄ω = 0.816 eV for distinct times t . At t = 0 all states below
EF are occupied, apart from the thermal broadening. With time
evolving, excitations build up in particular in the minority
spin channel of Fe, 0.3 eV above the Fermi level, obviously
fostered by the availability of dxz and dyz states. A similar
trend can be observed at the d3z2−r2 peak at 0.75 eV in the
majority channel. Since this peak is much smaller, the effects
are not as pronounced and barely visible in Fig. 5. However,
they become apparent if we look on a magnified scale at the
corresponding hybridized IF states of the apical O atoms.
Compared to O (IF), we encounter a significantly smaller
response from the states above the Fermi level for Mg (IF).
In the central layer the change in occupation numbers is
significantly smaller but still visible. In contrast to the IF, the
center Mg response is rather similar to O.

For a detailed analysis of the temporal evolution of the
electronic structure after the onset of the laser pulse, we
use the time-dependent changes in the spectral weight of
the occupied states (�TDDOS), defined as the difference
of the time-resolved spectral function �Dσ (E , t ) at time t
with respect to the initial state, i.e., Dσ (E , t ) − Dσ (E , 0). The
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FIG. 6. Energy- and time-resolved changes in the �TDDOS, �Dσ (E , t ) = Dσ (E , t ) − Dσ (E , 0) for the laser pulse shown in
Fig. 4(b) (h̄ω = 1.632 eV). The left panel refers to the minority spin channel, the right panel to the majority spin channel. Orange and
red colors refer to a depletion of occupation, blue colors to an increase. The green area at the left edge of each panel indicates the shape of the
spin-resolved total density of states.

contour plot of the total �TDDOS in Fig. 6 for the case h̄ω =
1.632 eV exhibits distinct features which are directly corre-
lated to regions of high density of states of Fe in the respective
spin channel (cf. Fig. 2 and the green area in each panel of
Fig. 6). Independent of the laser energy, the minority channel
exhibits the largest �TDDOS, as the peaks in the ground-state
majority DOS are generally smaller in the vicinity of EF.
Here, the largest changes occur during the pulse; afterwards
we see an essentially stationary picture, keeping in mind that
relaxation processes beyond the electronic time scale are not
accounted for in the current RT-TDDFT modeling.

We observe the fastest response to the laser pulse in the
energy range closest to the Fermi level, whereas the change
in occupation appears retarded for the more distant states.
We interpret this as a signature of a secondary excitation
process, where previously created holes below EF are refilled
by electrons originating from a lower-lying state. Multiple
subsequent excitations might also account for the rather strong
depletion of the d states close to −2 eV (minority channel)
and −3 eV (majority channel) for h̄ω = 1.632 eV.

The isolated features, which appear in particular at low and
high energies (below −4 eV and above +4 eV) far beyond the
excitation energy of the laser correlate to the extrema of the
vector potential. Here, the electric field has its largest contri-
bution to the generalized momentum of the electrons, which
directly impacts their kinetic energy. Therefore, we ascribe
these effects to a partially nonlinear response arising from
the large amplitude of the laser field in combination with the
comparatively broad frequency distribution in our Gaussian-
shaped finite-length pulses. The features decay quickly with
decreasing vector potential, but a small persistent change in
occupation may remain, even after the pulse is over.

We now address the dynamic evolution of the site- and
orbital-resolved partial �TDDOS, which we compare in
Fig. 7 for the three laser frequencies. We selected the Fe-
3d and the sum of the Mg-2p and O-2p orbitals (the latter
resolved for IF and center layers) which provide the largest
contributions for the respective layers. The Fe-d contribution
is the largest in absolute numbers and thus closely resembles
the time evolution of the total spectral function. This confirms

that the light predominately interacts with the d electrons
of the Fe layer. In accordance with our calculation of the
frequency-dependent dielectric tensor (Fig. 3 in Sec. III B),
we find a considerably weaker interaction (absorption) of the
laser field with the electronic structure for increasing laser
frequencies. (Note the change in the scale of the contour plots
in Fig. 7, where the distance between two contour lines is
reduced from the top to the bottom panels.)

Concentrating on the IF-MgO (center panels in Fig. 7), we
observe a particularly strong occupation of the O-pz states
above the Fermi level (+0.8 eV in the majority channel and
+2 eV in the minority channel) which are present at these
energies due to the hybridization with the Fe-d3z2−r2 states. In
relation to the excitation taking place in the Fe layer, these
contributions become considerably more pronounced with
increasing laser frequency. In turn, we find a much weaker
occupation of the O-px and py orbitals above EF, as we would
expect from the size of the peaks in the static DOS in Fig. 2. In
contrast to the pz orbitals, their �TDDOS strongly decreases
with energy and nearly vanishes at h̄ω = 3.265 eV. Below
EF, there is a considerable depletion of the in-plane p orbitals,
which is again a consequence of the hybridization with the
in-plane Fe-3d orbitals. As for the IF layer, we find the largest
�TDDOS of the states at +0.8 eV (majority channel) and
+2 eV (minority channel) in the central layer, which now re-
sults from both O and Mg (cf. Fig. 5). In contrast, however, we
do not observe a similar depletion of the states below EF. We
find mainly additional occupation of particular states above
EF without concomitant deoccupation of corresponding states
below, which we would expect in case of a direct excitation
within the layer. Therefore, our observation might rather be
considered as a signature of excitations propagating into the
interface, and we can infer that—in contrast to the in-plane
orbitals—hybridization between the out-of-plane orbitals at
the interface, i.e., Fe-d3z2−r2 and O-pz, are of particular im-
portance for the propagation of excitations into deeper MgO
layers away from the interface. Since the O-pz states in the
minority channel are located above the conduction-band edge,
the excitation may even propagate into bulk MgO. This aspect
needs further investigation, since it can be affected by the
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FIG. 7. Energy- and time-resolved changes in the atom- and orbital-resolved �TDDOS for the laser frequencies (a)–(d) h̄ω = 0.816 eV,
(g)–(l) h̄ω = 1.632 eV, and (m)–(r) h̄ω = 3.265 eV. The left column refers to the Fe-3d states, the middle column to the IF-MgO-2p states,
and the right column to the center-MgO-2p states. Note that the scale of the color coding (and the static partial DOS indicated by the green
area) changes between the panels.
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FIG. 8. Time evolution of the charge distribution during a laser
pulse with frequency h̄ω = 1.632 eV with out-of-plane polarization
of the vector field �A(t ) = Az �ez. Same colors and lines as in Fig. 4.

underestimation of the MgO band gap within LDA and the
thickness of the MgO region.

2. Cross-plane polarized pulse

A qualitatively different response is obtained when
the polarization of the vector potential is in out-of-plane

direction, which we briefly discuss here for the frequency
h̄ω = 1.632 eV. As illustrated by Figs. 8 and 9, the charge
clouds around the atoms now oscillate in vertical direction,
which leads again to a decrease of charge inside the muffin-tin
spheres of Fe and O, comparable to the respective in-plane
case. The time evolution of the charge density shows that
persistent excitations remain beyond 20 fs, but these are essen-
tially located at the Fe site (Fig. 8). In contrast to the in-plane
polarized pulse, we do not encounter a significant persistent
charge transfer from O to Mg. From the time dependence of
the occupation numbers in Fig. 9 we conclude that the charge
redistribution at the Fe site is mainly related to a redistribution
of states in the minority channel across the Fermi level, which
occurs only in an interval of ±0.5 eV around EF. As in the
in-plane case, we also see strong changes in Dσ (E , t ) at
the maximum of the vector potential. Most of these features
vanish, however, when the pulse is over. This means that
a permanent absorption of photons has not taken place in
this case. We infer from the absence of strong transient
changes after the laser pulse that the cross-plane electric field
component of a laser pulse arriving at a grazing angle will
not contribute substantially to the excitation process in and
across the interface. The distinct behavior for in- and out-of-
plane polarization is consistent with the anisotropic behavior
of the imaginary part of the dielectric tensor discussed in
Sec. III B.

IV. CONCLUSIONS

We simulate the excitation of a metal-insulator heterostruc-
ture by an ultrashort laser pulse in the visible and infrared
frequency range with real-time TDDFT, revealing the dy-
namic evolution of electronic excitations at the interface. We
consider an ultrathin Fe1/(MgO)3(001) heterostructure and
photon energies which are below the band gap of bulk MgO
but sufficient for a local excitation in the Fe layer, which
subsequently could induce an electronic transfer into the con-
duction band of MgO. Furthermore, we identify the prominent
role of the interface states to propagate the excitation into the
MgO with a dominant contribution of the out of plane orbitals.

We observe that excitations and their possible propagation
through the system take place nearly instantaneously, i.e.,

FIG. 9. Energy- and time-resolved changes in the total �TDDOS Dσ (E , t ) − Dσ (E , 0) for the laser pulse shown in Fig. 8. Same colors
and symbols as in Fig. 6.
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during the laser pulse. After the pulse, the system reaches an
essentially stationary state which remains unaltered up to at
least 42 fs. For normal incidence, when the electric field of
the laser light is polarized within the Fe plane, we observe
particularly strong accumulations in states which arise from
the hybridization of the pz orbitals of O with the d3z2−r2

orbitals of Fe at the interface. In the central layer, which
has no direct contact to Fe, we still find states within the
gap which share this particular sensitivity to the light pulse.
We consider this as a strong indication that hybridization
of orbitals which are oriented along z (i.e., in cross-plane
direction) is of particular importance to inject excitations
across the interface into deeper layers. We further observe a
weak charge transfer from O to Mg in the interface but also
in the central MgO layer. For cross-plane polarization, strong
effects are confined to the duration of the pulse; the steady
state involves mainly the Fe layer. Charge transfer from O to
Mg and persistent laser-induced excitation of states above the
Fermi level are suppressed.

Using in-plane polarized light, a heterostructure with fa-
vorably hybridized orbitals might thus potentially be used
for the optical injection of carriers with a specific spin-
polarization into the conduction band of a semiconductor
or insulator, whereas the out-of-plane component does not
contribute to this process substantially. The dependence on
the light polarization direction is understood based on the

frequency-dependent dielectric tensor calculated using LR-
TDDFT, which involves a strong anisotropy. The imaginary
part of the xx component implies significant absorption, re-
sembling Im[εxx] of bulk Fe. In turn, the zz component rather
bears similarities to the optical response of MgO, but we
still find a small but finite absorption in Im[εzz] in the low-
frequency range due to the interface states.

Our minimal model system gives a first comprehensive
overview on the fundamental response of a metal-insulator
heterostructure after a laser excitation, while future work shall
address more realistic heterostructures with thicker slabs and
many-body effects [75–77] that are currently not available in
RT-TDDFT.
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