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Excitation of ionic solids with extreme ultraviolet pulses creates localized core-level excitons, which in
some cases couple strongly to the lattice. Here, core-level-exciton states of magnesium oxide are studied in
the time domain at the Mg L2;3 edge with attosecond transient reflectivity spectroscopy. Attosecond pulses
trigger the excitation of these short-lived quasiparticles, whose decay is perturbed by time-delayed near-
infrared pulses. Combined with a few-state theoretical model, this reveals that the infrared pulse shifts the
energy of bright (dipole-allowed) core-level-exciton states as well as induces features arising from dark
core-level excitons. We report coherence lifetimes for the two lowest core-level excitons of 2.3� 0.2 and
1.6� 0.5 fs and show that these are primarily a consequence of strong exciton-phonon coupling, disclosing
the drastic influence of structural effects in this ultrafast relaxation process.
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Excitation of a solid with a high-energy photon leads to
an ultrafast dynamic response involving structural and
electronic degrees of freedom. In the frequency domain,
these processes can be studied by comparing the absorption
and emission spectra of the system, which, respectively,
reveal which states were excited and eventually populated,
as is done, for instance, in resonant inelastic x-ray scatter-
ing [1]. This grants indirect access to the behavior of the
transient core-level-excited state. In contrast, the develop-
ment of attosecond science now offers an unmediated view
of this dynamics in the time domain [2,3], where inter-
mediate states involved in the decay can be directly probed.
For instance, in attosecond transient absorption spectros-
copy [4,5], short extreme ultraviolet (XUV) pulses can be
used to precisely trigger the core-hole excitation, whose
decay is then tracked with optical femtosecond laser
pulses [6,7].
In the condensed phase, an important question arises:

Can nuclear motion influence the decay of the core-hole for
states living only a few femtoseconds? Intuitively, one
might expect that if the Auger or radiative lifetime of an
intermediate state Γ−1 is short compared to a relevant
phonon period τph, the lattice will not have time to respond
to the creation of the core hole, and the lattice will not
contribute. Early photoemission studies of ionic insulators
disproved this argument, measuring substantial spectral
broadening linked to coupling between the core hole and
optical phonons [8–10]. The time-domain evolution of the

core-level-excited state in these conditions, however, has
yet to be explored.
In this Letter, XUV attosecond transient reflectivity

spectroscopy (ATRS) is used to investigate the core-
level-excited dynamics of magnesium oxide (MgO). In
this ionic insulator, the low dielectric constant and the
positive charge of Mg atoms mean that a Mg core hole is
very weakly screened. This contributes to the formation of
core-level excitons—bound electron-hole pairs—at the Mg
L2;3 edge [11,12]. First, several core-level excitons are
identified, and their linewidths are shown to be dominated
by phonon broadening, indicating a substantial exciton-
phonon coupling. Then, the core-level excitons are initiated
by an XUV pulse, and a short near-infrared (NIR) laser
pulse probes their decay. The NIR and core-level-exciton
interaction is interpreted using a few-level theoretical
model, whose agreement with the experiment allows us
to identify two effects of the NIR pulse: (i) resonant and
nonresonant coupling of the various excitonic states and
(ii) creation of light-induced features interpreted as the
manifestation of dark excitonic states. The decays of the
two lowest-energy core-level excitons are extracted, showing
coherence lifetimes below 3 fs. Finally, the link between
these features and exciton-phonon coupling is discussed.
The experiment was performed on a single-crystalline

commercial sample of MgO(100) (MTI Corporation) featur-
ing industrial-grade polishing (rms< 10 Å) and a crystalline
purity> 99.95%. Given that the samples are thick (0.5 mm),
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the investigationmandates the use of ATRS [13], which does
not require thin films, contrary to transmission experiments.
Broadband pulsed XUV attosecond radiation covering a
continuous span of 20–70 eV is produced by high harmonic
generation in argon using 480 μJ, sub-5-fs NIR pulses
centered at 750 nm at a repetition rate of 1 kHz. After
filtering the NIR light with a 100-nm-thick aluminum film,
the XUV pulse is reflected by the sample at an incidence
angle of 66° from normal. The reflected light is then
dispersed and imaged onto a CCD camera (Princeton
Instruments). The spectral resolution at 50 eV is σ ¼
25 meV as determined using atomic absorption lines. In
the time-resolved experiment, a strong 4.5 fs pulse of NIR
light perturbs the system following the core-hole creation by
the XUV pulse. At each time delay between the XUV and
NIR pulses, the reflectivity Ron (respectively, Roff) is
measured with 100 ms integration time with the NIR beam
on (respectively, off). The transient reflectivity dR=R ¼
ðRon − RoffÞ=Roff is computed and averaged over 100 full
time-delay scans. The slow drift of the pump-probe delay is
stabilized over several hours using periodic reference mea-
surements [14]. In all data presented here, the XUVand NIR
pulses are s and p polarized with respect to the sample
surface, respectively [15].
Figure 1(a) shows the XUV reflectivity of the MgO

crystal in the absence of the NIR pulse. During the
measurement, the reflectivity of MgO and a calibrated
gold mirror are taken sequentially, allowing signal nor-
malization and thus obtaining the absolute reflectivity of
MgO. To allow a more direct interpretation, the absorption
spectrum, shown in Fig. 1(b), is obtained by a Kramers-
Kronig (KK) analysis: The data are padded with literature
data [16] covering the infrared to x-ray regions, which allows

performing the KK integral over a wide frequency range.
Four peaks aremeasured on topof a continuumoriginating in
transitions to the conduction band, whose minimum lies at
53.72 eV [12]. As explained in Supplemental Material [17],
peaks 1 and 2 correspond to core-level excitons, while the
excitonic nature of peaks 3 and 4 is less direct. Density-
functional calculations suggest that peak 1 has prevailing s
character, while the others are of mixed s-d character [24].
After removal of the continuous background by a procedure
detailed in Supplemental Material [17], the peaks can be
fitted to Gaussian line shapes with peak energies matching
the literature within 0.5% or less [25] and full width at half
maximum (FWHM) of ΔE1–4 ¼ 0.68, 0.95, 1.03, and
1.10 eV, from low to high energy, respectively. The Mg
2p hole involved here is known to be filled almost solely by
intra-atomic Auger processes [26], which by itself would
give a narrow Lorentzian line shape with at most Γ2p ¼
30 meV [27,28], at clear variance with the experiment. In
addition, since the sample is monocrystalline, we can safely
disregard inhomogeneous broadening that would be caused
by site-to-site fluctuations of the exciton energy in a
disordered sample. Therefore, the broadGaussian linewidths
must be caused by strong exciton-phonon coupling, as
represented in Fig. 1(c) and as already recognized for the
lowest-energy exciton [12]. Mahan [30] showed that in
crystals with halite structure, such as MgO, core-level
excitons couple mainly to the longitudinal optical (LO)
phonon at the X point. For MgO, this phonon has an energy
of ωLO ¼ 60 meV [31]. After deconvolution of the Auger
linewidth and the spectral resolution of the experiment, the
phonon broadening of each exciton is equivalent to 11.1,
15.7, 16.7, and 17.9 phonons, from low to high energy,
respectively. This strong coupling is the result of the ionicity
of MgO: The principal way of screening the hole on the Mg
cation is the motion of neighboring anions.
The transient reflectivity of the system is shown in

Fig. 2(a), where negative times mean the XUV comes first.
Strong modifications of the reflectivity are seen mostly
around the region of temporal overlap, which lasts 4–5 fs in
time delay. Remarkably, no changes are observed after
temporal overlap (for delays larger than 10 fs), which is
where signals created by the NIR and probed by the XUV
would appear. The absence of such features, commonly
observed in semiconductors [13,32,33], allows us to dis-
regard carrier excitation by the NIR pulse across the 7.8 eV
band gap of MgO. On the other hand, changes before τ ¼ 0
are observed for peaks 1 and 2. They correspond to XUV-
triggered dynamics probed by the NIR pulse and are a
direct time-domain observation of the core-level-excited
state decay, consistent with the excitonic nature of peaks 1
and 2. The transient reflectivity signal extends only a few
femtoseconds before τ ¼ 0, indicating that the excitonic
states experience a very fast dephasing mechanism. This
observation demonstrates the ability of attosecond spec-
troscopy to capture the dynamics of extremely short-lived

(a) (b) (c)

FIG. 1. Absolute reflectivity at the Mg L2;3 edge in MgO(100).
(a) Measurement at 66° from normal incidence. (b) Absorption
coefficient obtained by Kramers-Kronig analysis (light blue),
with four peaks visible (dotted lines) fitted to Gaussian distribu-
tions (dark blue). (c) Schematic of linear exciton-phonon cou-
pling along the LO phonon coordinate. In the strong coupling
regime, the absorption line shape of the ith exciton is a Gaussian
of widthΔEi. It is composed of a series of Lorentzians of width Γ,
spaced by ℏω0, the phonon energy.
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core-level-excited states in the condensed phase, as was
previously done for longer-lived states in atomic species
[34–38].
Figure 2(b) shows the absolute reflectivity of MgO at

different pump-probe delays. We identify three types of
features with distinct behaviors: (i) peaks 1 and 2 expe-
rience a blueshift near zero delay; (ii) the reflectivities of
peaks 3 and 4 decrease; (iii) new features, marked as A─C,
emerge at energies where no signal was initially present.
While the first two trends were already recognized by
Moulet et al. [39] in SiO2, features A─C show a strikingly
different behavior: They do not seem to originate from
either of the core-level excitons but rather appear only in
the presence of the strong NIR field.
The experiment was repeated while varying the strength

of the NIR electric field, resulting in a linear increase of the
blueshifts of excitons 1 and 2 [Fig. 2(c)], with significantly
different polarizabilities between excitons 1 and 2. This
behavior is distinct from the optical Stark effect of one
core-level exciton coupled only to a continuum, whose shift
would increase linearly with NIR intensity at large pump
detunings [40]. NIR-driven couplings between excitonic
levels must therefore play an important role here. Finally,
our experiment did not reveal any change in the dynamics
when the polarization angle of either the pump or probe
beam was varied.

We attempt to disentangle the two types of exciton
dynamics driven by the phonon- and the NIR-driven
couplings, respectively, via a simple model for the core-
level-exciton system interacting with a two-color XUVand
NIR pulse. Given that the excitonic states originate in
spatially localized bound electron-hole pairs, they are
similar in character to atomic states. We thus start by
constructing a four-level system consisting of the ground
state 0, excitons 1 and 2 (which exhibit the most intense
behavior), and a so-called dark exciton state d that has no
dipole coupling to the ground state but can couple by the
NIR pulse to both exciton states. Although we do not
predetermine the energy of the dark state (we will later
extract this energy by fitting the model calculations to the
experimental results), we do assume the dark state is in the
vicinity of the other exciton states. Solving the time-
dependent Schrödinger equation (TDSE) for this system
yields a time-dependent dipole moment of the form

Dðt; τÞ ∝ 2Reðc�0c1μ0;1eiϕ1ðt;τÞ þ c�0c2μ0;2e
iϕ2ðt;τÞ

þ c�1cdμ1;de
iϕ1ðt;τÞ þ c�2cdμd;2e

iϕ2ðt;τÞÞ; ð1Þ

where the subscripts 0, 1, 2, and d denote the four states, τ is
the XUV-NIR delay, μi;j are the transition dipole moments,
and ci are the delay- and time-dependent amplitudes of the
four states.
The exciton phases ϕ1 and ϕ2 are added to the dipole

in order to account for three dynamical effects that go
beyond the four-level TDSEmodel, at the phenomenological
level: ϕiðt; τÞ ¼ iΓ2ptþ ϕLðt; τÞ þ ϕph;iðtÞ, where Γ2p ¼
30 meV [27] is the 2p core-hole Auger decay rate, ϕLðtÞ
is the ac Stark phase imposed by laser dressing of the loosely
bound exciton states, and ϕph;iðtÞ is due to the phonon
coupling. The ac Stark phase is proportional to the energy
shiftUp experienced by a free electron in an oscillating field:

ϕLðt; τÞ ¼ −β
Z

t

0

Upðt0; τÞdt0; ð2Þ

and β is determined via fitting as described below.
The exciton-phonon coupling phase is given by [10]

ϕph;iðtÞ ¼ i
M2

i

ω2
LO

½ð2N þ 1Þð1 − cosωLOtÞ

−iðωLOt − sinωLOtÞ�; ð3Þ

whereN is the thermal phonon population,ωLO ¼ 60 meV is
the LO phonon energy [31], and Mi is the exciton-phonon
coupling constant, to be determined by the fit. Finally,
the absorption spectrogram is calculated as Aðω; τÞ ¼
−ωIm½E�

XUVðωÞd̃ðω; τÞ�, with EXUVðωÞ and D̃ðω; τÞ the
Fourier transforms of the XUV electric field and Dðt; τÞ,
respectively [41]. This is compared to the experimental
transient absorption trace shown in Figs. 3(a) and 3(b), which

(a)

(b) (c)

FIG. 2. Attosecond-resolved dynamics of excitons in MgO.
(a) Time-delay-dependent transient reflectivity, measured with a
probe field strength of 0.84� 0.01 V=Å, or ð9.3� 0.2Þ×
1012 W=cm2. (b) Absolute reflectivity, obtained by adding the
static and differential ones, for pump-probe delays from −15 to
0 fs. Features corresponding to excitonic shifts (1–4), and light-
induced features (A─C) are indicated. (c) Energy shift of excitons
1 (red line) and 2 (blue line) at τ ¼ 0 as a function of the NIR field
strength. The dotted lines are linear fits, giving shifts of 274 and
101 meV=ðV=ÅÞ, respectively.
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was obtained byKK analysis of transient reflectivity data (see
Supplemental Material [17]).
The parameters used in the model are extracted in two

stages. We first fit the calculated XUV-alone spectrum to
the experimental spectrum to obtain the phonon coupling
constants M1 ¼ 266.3� 8.0 meV and M2 ¼ 366.7�
7.1 meV, and μ0;2 ¼ −0.0818� 0.0013 a:u: (when using
μ0;1 ¼ 0.05 a:u: as an overall scaling parameter). The
parameters characterizing the laser-driven couplings are
found by fitting the measured spectrum in the interval
[51.1, 59.1 eV], at overlap (τ ¼ 0), to that calculated by
using the measured NIR pulse shape as input, with a peak
intensity of 2 × 1012 W=cm2, and averaging over approx-
imately one NIR optical cycle around τ ¼ 0. A full delay-
dependent calculation is then performed using the extracted
parameters. The main discrepancy in the result is the
appearance of subcycle oscillations in the theoretical
absorption, which are not resolved in the experimental
delay scan. We speculate that this is due to experimental
factors such as time-delay jitter or phase slip effects
between NIR and XUV, possibly important in reflectivity
geometry. For this reason, a half-cycle moving average is
added to the calculation. Even though the oscillations do
not completely disappear, this allows a clearer comparison,
as shown in Figs. 3(c) and 3(d).
The comparison between experiment and theory is

otherwise good, with the dynamics of both the excitonic
blueshifts and the A-B features reproduced well. There are
several important lessons learned from the comparison:
First, the presence of the dark state is crucial for the
appearance of features A and B. This is demonstrated in

Figs. 3(e) and 3(f), which show the calculated spectrogram
in the absence of the dark state. The energy of the dark state
is found to be 54.4� 0.3 eV, i.e., located between excitons
1 and 2, so that features A and B are one NIR photon
energy below and above the dark state, respectively. This
suggests that A and B are light-induced states (LISs) that
can be understood as the intermediate state in two-photon
XUVþ NIR transitions from the ground to the dark state.
LISs are well known from atomic transient absorption
studies [42–44] but have not previously been observed in
the solid state. We find that the dark-state coupling
matrix elements are large (similar to those between atomic
states [45]) and comparable in magnitude to each other,
μ1;d ¼ 3.8� 0.5 a:u: and μd;2 ¼ −3.7� 1.0 a:u: [46], and
that β ¼ 1� 0.5.
The fact that the NIR-induced attosecond excitonic

dynamics are well described using concepts from atomic
physics highlights the striking similarity between excitons
and isolated atoms. However, the way these quasiparticles
decay is remarkably different for the solid versus atoms.
Indeed, the Mahan model that we use to describe exciton-
phonon coupling [phonon phase in Eq. (3)] predicts a
Gaussian decay of the dipole moment for short times:
e−ImðϕphÞ ∝ e−M

2
i t

2

for ωLOt ≪ 1. Thus, in the framework of
this model, the excitonic coherence lifetime is directly
reduced by the strength of the exciton-phonon coupling. To
validate the use of this model in our case, we compare its
result to the experimental data. The center energy of
excitons 1 and 2 is measured as a function of pump delay,
and the result is fitted as the convolution of the NIR
intensity and an unknown dipole decay for each exciton.
Figure 4 shows that the comparison of this fit to the
theoretical model is reasonable, yielding coherence decay
times at half maximum of 2.3� 0.2 and 1.6� 0.5 fs.
Including either just the Auger or just the phonon dephas-
ing decay (Fig. 4) shows that the exciton decay is
dominated by the exciton-phonon coupling.

(c)

(e)

(a)

FIG. 3. Transient experimental (a),(b) and calculated (c),(f) ab-
sorption spectra. The experimental spectrograms are obtained
from KK analysis of Fig. 2(a). (a),(c),(e) and (b),(d),(f) show
changes in absorption and absolute absorption, respectively.
Results from calculations are normalized to the same scale as
experiments. (e),(f) show a calculation in which the dark state is
omitted.

(a) (b)

FIG. 4. Dipole decays obtained from the delay-dependent
energy position of excitons 1 (a) and 2 (b) (full blue lines).
The shaded areas represent the 95% confidence interval of the
fitting in addition to a �0.5 fs uncertainty on the NIR pulse
duration. The experimentally obtained dipole decay is compared
with the full model (dashed red line), and the model with only the
phonon contribution (dotted line) or with only the Auger decay
(dash-dotted line).

PHYSICAL REVIEW LETTERS 124, 207401 (2020)

207401-4



Returning now to the static absorption profiles of Fig. 1,
the Gaussian linewidths ΔE1 and ΔE2 correspond to
dephasing times of 2.6� 0.3 and 1.9� 0.4 fs, respectively.
The similarity between these values and the dephasing
times measured in the time domain indicates that exciton
lifetimes in MgO are mainly governed by exciton-phonon
coupling. We interpret this finding as an analog of vibra-
tional-lifetime interferences observed in small molecules
[47,48]: Since Γ2p is on the same order of magnitude as
ωLO, phonons can influence the excitonic decays on time-
scales much shorter than the phonon period (69 fs, in our
case). Here, the substantial exciton-phonon coupling man-
ifests as a spectacularly fast dephasing of the core-level-
excited state. We expect the findings presented here to have
important ramifications in the time-domain study of similar
short-lived core-level-excited states in the condensed phase.
In summary, we investigated the decay of core-level-

exciton states in MgO(100) using ATRS. Using a short NIR
field to perturb the relaxation, excitonic blueshifts and
light-induced states were identified as distinctive features
of the exciton-NIR interaction. The coherence lifetimes of
the excitons were found to be principally given by the
inverse width of the vibronic wave packet created in the
core-level-excited state. This study furthers the under-
standing of light-induced modification of short-lived exci-
tonic states and extends concepts of attosecond metrology
to the solid state. It presents a direct measurement of an
extremely short natural lifetime obtained using attosecond
transient spectroscopy. Furthermore, the observation of
substantial phonon dephasing is of compelling importance
for future attosecond studies, which are making progress in
the understanding of condensed phase systems such as
solids and solvated molecules.
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