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Soft x-ray excitonics
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N. Karpowicz, E. Goulielmakis†

The dynamic response of excitons in solids is central to modern condensed-phase physics,
material sciences, and photonic technologies. However, study and control have hitherto
been limited to photon energies lower than the fundamental band gap. Here we report
application of attosecond soft x-ray and attosecond optical pulses to study the dynamics
of core-excitons at the L2,3 edge of Si in silicon dioxide (SiO2). This attosecond x-ray
absorption near-edge spectroscopy (AXANES) technique enables direct probing of the
excitons’ quasiparticle character, tracking of their subfemtosecond relaxation, the
measurement of excitonic polarizability, and observation of dark core-excitonic states. Direct
measurement and control of core-excitons in solids lay the foundation of x-ray excitonics.

I
nsemiconductors, dielectrics,macromolecules,
and clusters, electrons and holes form funda-
mental, hydrogen-like quasiparticles (excitons)
that underlie a broad range of applications in
photonics and electronics (1). Coherent ultra-

fast nonlinear spectroscopies (2) in the terahertz,
infrared, and optical ranges (3) can now directly
identify quasiparticles formed below the funda-
mental band gap of solids through observation
of the excitonic optical Stark effect (4–6), Rabi
oscillations (7), and Fano resonances (8). Access
to essential physical properties of the excitons such
as their polarizability (9) and relaxation time (10),
aswell as thepresenceof dark exciton states (11, 12),
lays the foundation ofmodern optical excitonics
(2). Advancement of excitonic science and appli-
cations to the x-ray regime require the dynamic
study of another class of quasiparticles that are
formed between a core-hole in an atom of a solid
and an excited electron generated by the absorp-
tion of x-rays (13). Ordinary absorption andphoto-
electron x-ray spectroscopies (14) can probe the
core-hole excitation of solids, enabling a broad
range of advances in condensed-phase physics
(15), but fail to unambiguously identify quasi-
particles in x-ray near-edge excitations (16–21)
or to probe their dynamics. The establish-
ment of x-ray excitonics calls for the advance-
ment of coherent spectroscopy for dynamic study
of core-excitons.
Previousultrafast studies in the condensedphase

have exploited the near-edge excitation of solids
as ultrafast probes to study attosecond valence
electron dynamics in dielectrics (22) and semi-
conductors (23), as well as intraband currents
(24) induced by intense few-cycle laser pulses. Yet,
the study of the dynamics and nonlinear proper-
ties of the electron volt–wide core-hole excita-
tions in solids requires a probe with attosecond
resolution.
Herewe combine an attosecond soft x-ray pump

pulse with an attosecond optical probe pulse to

perform near-edge spectroscopy of solids and
thereby observe the quasiparticle character and
measure the relaxation dynamics, as well as the
exciton-phonon coupling, the polarizability, and
the effect of dark excitonic states.
Soft x-ray study of solids in the coherent re-

gime can take advantage of already recognized
dynamic signatures of excitonic phenomena in
optical studies to probe the character (excitonic
or nonexcitonic) of the near-edge structure. These
include the optical Stark effect and dynamic ex-
citonbleaching that aremanifested inpump-probe
measurements as a dynamic energy shift of ab-
sorption resonances (4, 5) and an amplitude sup-
pression (3, 25), respectively. In pursuit of such
excitonic signatures, we chose to study the L2,3
edge of the silicon atom in silicon dioxide (SiO2)
(~100 to 110 eV) as a prototypical system. The ex-
citonic nature of this edge has been a matter of
controversy (16, 17, 21). Moreover, the Auger
decay ensuing from excitation of the L2,3 edge
occurs on a time scale (26) commensurate with
the characteristic frequency of optical phonons
(27) or molecular vibrations excited by the at-
tractive force of the core-hole to neighboring atoms,
giving rise to many-body–dominated relaxation
phenomena (28–30) that have hitherto remained
inaccessible.
In our experimental scheme (Fig. 1 and supple-

mentary text section 1), a soft x-ray (Ex-ray ~105 eV)
attosecond pulse (Fig. 1A, magenta beam and
waveform) lasting approximately tx-ray ~ 200 as
was used to excite the L2,3 edge of Si in poly-
crystalline SiO2 nanofilms (thickness ~125 nm).
A representative absorption spectrum recorded
by the apparatus is shown in Fig. 1B (blue line)
and is juxtaposed with its high-resolution coun-
terpart (red dashed line, Fig. 1B) acquired for the
same samples at a synchrotron source (Physikalisch
TechnischeBundesanstalt, PTB). A andA′ in Fig. 1B
mark near-edge absorption peaks, earlier identi-
fied as core-valence transitions from spin-orbit
states of the 2p orbital of Si (28). A third, substan-
tially broader (~1.8 eV) spectral peak—marked as
B in Fig. 1B—is often attributed to transitions from
the same2porbital to the conduction bandof SiO2

and is more rarely assigned an excitonic char-
acter (17, 28).

To probe the coherent dynamics following the
soft x-ray electronic excitation of the system in
real time, an optical attosecondpulse (OAP) (peak
field strength: F = 0.5 V/Å) (Fig. 1A, yellow line)
(31) was used to dress the rapidly relaxing electric
dipoles induced in the system by the soft-x ray
attosecond pulse. We recorded transient absorp-
tion spectra as a function of the delay between
the x-ray and optical pulse and composed tran-
sient absorption spectrograms for a delay range
spanning several femtoseconds (Fig. 1C).
A close inspection of the transient absorption

spectra in Fig. 1C permits the identification of
excitonic signatures encoded in the dynamics of
each absorption peak. The transient energy shift
(dashed black line in Fig. 1C) of peaks A+A′ is a
typical manifestation of the dynamic excitonic
Stark effect (5, 6, 25, 32), whereas the conspic-
uous, amplitude suppression of peak B is the dy-
namic signature of exciton bleaching (25). The
notion of an exciton character of the near-edge
x-ray excitation of Si in SiO2 is further indicated
by the monotonic increase in the energy shift of
peaks A+A′ and the decrease in the amplitude of
peak B as a function of the field strength of the
optical attosecond probe (Fig. 1D) in analogy to
earlier studies of these phenomena in optical ex-
citons. The signatures of the excitonic character
of the L-edge can also be recognized in the dif-
ferential absorption spectra (Fig. 1E) by the for-
mation of dispersive spectral profiles for the Stark
effect (Fig. 1F) and thenegative differential absorp-
tion for bleaching, respectively.
To associate our findings with the current un-

derstanding of electronic structure of the Si-L2,3
edge in SiO2 (16, 17), we modeled the interaction
of optical attosecond and soft x-ray pulses with
SiO2, as summarized in Fig. 2 and the supplemen-
tary text, using the semiconductorBloch equations
(SBEs) (25) on a basis of electronic states describing
the near edges as calculated by density functional
theory (DFT) simulations (fig. S1). The simulated
density of states (DOS) (Fig. 2A) reveals that s-, p-,
and d-like levels, as well as a dense continuum of
states, practically dominate the Si-L2,3 edge. Ener-
getically, and in agreement with earlier studies,
we can assign the A peaks to s-like excitons (red
line), while peak B can be associated with d-like
excitonic states (violet line).We accounted for the
infinite effective mass of the 2p core level of Si by
modeling it as a dispersion-free band (33). For
simplicity, we modeled s states (peaks A and A′)
as a single band (Fig. 2B). We introduced the
continuum states into the model by the addi-
tion of a fourth band (green cloud). The exci-
tonic character of the system was incorporated
in our simulations by introducing Coulomb in-
teractions to yield excitons (25) from each of the
above bands (see also section 3 of the supple-
mentary text).
The soft x-ray pulse drives transitions from

the silicon2p level to s anddexcitons (violet arrows,
Fig. 2B). Although p excitons (yellow line, Fig. 2A)
contribute appreciably to the total state density
of the system (Fig. 2A, blue line), their direct pop-
ulation from the 2p core is selection-rule pro-
hibited, and thus they constitute dark excitonic
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states in the realm of ordinary x-ray L2,3 edge spec-
troscopy. We show below that advancing x-ray
spectroscopy into the coherent, nonlinear regime
enables detection of these states.
Figure 2 shows representative absorption (Fig.

2C, black solid curve), as well as transient absorp-
tion spectrograms (Fig. 2C, color plot), simulated
using optical and x-ray attosecond pulses identi-
cal to those in our experiments. Dephasing rates
in the simulationswere chosen tomatch thewidths
of peaks A and B in the unperturbed absorption
spectra (Fig. 1B, solid line). The simulated spec-
trogram (Fig. 2C) qualitatively reproduces key
features of the measured traces, including the
Stark shift of peak A and the bleaching of peak
B. Similar agreement is achieved by evaluating the
differential absorption spectra, as shown in Fig. 2F.
The fair reproduction of the experimentally

observed excitonic features by our simulations
(Fig. 2, C and F) opens the possibility of exploring
how these excitonic features emerge from spe-
cific interaction between the electronic states at
the edge under the perturbative dressing of an
optical field. The Stark effect dictates that a blue
shift of s excitons (Figs. 1C and 2C) can only occur
if the energy difference between these and higher
excitonic states is lower than the photon energy
of the optical field (~2 eV). A close inspection of
the energy diagram in Fig. 2A suggests that only
p states fulfill this prerequisite, as the coupling be-
tween s and d states is selection-rule prohibited.
The exclusion of p states in our simulations does
not influence the time-integrated (optical field–
free) absorption spectra (black lines in Fig. 2, C
and D); however, their exclusion prominently af-
fects the dynamics encoded in the time-resolved
trace (false color in Fig. 2, C and D) and results
in the strong suppression of the energy shift on
s excitons (Fig. 2D). This result suggests that the
dark p-exciton states are primarily responsible
for the Stark shift observed in s-exciton states
and, as such, p states have become detectable in
our time-resolved experiments.
Bleaching of d excitons (peak B in Figs. 1C and

2C), by contrast, is dominated by their resonant
couplingwith the excitonic continuum.Again, the
exclusion of the state (green cloud, Fig. 2B) used
to model the excitonic continuum in our simu-
lation results in the elimination of the bleaching
effects on the d-exciton peak.
Turning off the Coulomb interaction in our sim-

ulations (i.e., preventingexciton formation) reshapes
the x-ray absorption edge, in agreement with pre-
viousnumerical studies (17).More important, how-
ever, the elimination of the excitonic contributions
again results in conspicuous changes to the dy-
namics (Fig. 2E), where the entire edge shows a
weak but uniform blue shift. The observations in
Fig. 2E are compatible with recent studies on the
dynamic Franz-Keldysh effect (24), but do not re-
produce thedetails of the experimental traces of our
study. As a result, they further support the assign-
mentof excitonic character to theSiL2,3 edge inSiO2.
On the basis of the above experiments and

simulations, we have been able to acquire qual-
itative understanding on the physics of the Si L2,3
absorption edge in SiO2 and to ascertain the ex-

citonic character of the resonant states, but quan-
titative physical information is still lacking. To
gain access to this information, we undertook re-
construction of the recorded differential absorp-
tion spectrograms (Fig. 1E) and retrieved relevant
physical quantities.
To this end, wemodeled the absorption of soft

x-rays in solids directly in the time domain. The
electronic dipole dx(t) induced by the absorption
of the x-ray pulse (29, 34) can be expressed as
dxðtÞºqðtÞe�wet e

G
2ℏtefðtÞwherewe is the transition

energy with respect to the core level (2p), G/ħ rep-
resents the inverse Auger lifetime of the core-hole
of Si, t is time, and q(t) is the Heaviside func-
tion. The first three terms describe free induc-
tion decay of the excited dipoles characteristic for
atomic systems, resulting in Lorentzian line shapes
in the spectral domain. f(t) accounts for many-
body relaxation dynamics resulting from scat-
tering of the exciton with longitudinal optical

(LO) phonons. The latter are created by the at-
tractive (35) force of the core-hole to electrons in
nearest-neighbor atoms resulting in the struc-
tural rearrangement of the system and can be
expressed as (29)

fðtÞ ¼ ðM2
0=w

2
0Þðð2N þ 1Þð1� cosðw0tÞÞ

� iðw0t � sinðw0tÞÞ ð1Þ

Herew0 is the energy of the LOphonon in SiO2,
M0 is the linear coupling strength between pho-
nons and the excited electronic dipole, and N is
the thermal phonon population (29). For SiO2,
the dominant LO phonon oscillations occur at
2p
w0

∼ 27 fs (27), and the Auger decay of the Si
2p core hole has been assigned a value of
ℏGAuger

�1 ∼ 15 fs on the basis of ordinary line-
width measurements (26). The validity of infer-
ring the decay time of the core-hole from that of
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Fig. 1. Attosecond, real-time tracking of Si L2,3 core-hole dynamics. (A) Experimental setup:
Soft x-ray attosecond pulses are used to excite the Si L2,3 edge in thin SiO2 nanofilms (125 nm).
An optical attosecond probe pulse (half-cycle FWHM duration ~350 as) coherently perturbs the
induced x-ray dipoles, the spectra of which are recorded by a spectrometer placed downstream of
the sample upon reflection off a rhodium mirror. A Pd metal nanofoil provides high-pass transmission
and optical radiation blocking. (B) L2,3 spectra of Si in polycrystalline SiO2 (blue line) recorded by
the spectrometer (resolution ~350 meV) along with corresponding spectra of the same samples
acquired at a synchrotron source (PTB) (red dashed line). (C) Transient absorption spectra
(averaged over three consecutive measurements performed under identical conditions) of the silicon
edge recorded as a function of the delay (step size 200 as) between soft x-ray and optical fields.
The color scale represents optical density (OD). (D) Dependence of the energy shift of A peaks (blue
dots) and amplitude of peak B (red dots) versus optical field strength for a fixed delay (t = 0.5 fs)
between optical and soft x-ray pulses. Dashed lines are simulations based on the reconstruction
model discussed in the text. (E) Differential transient absorption spectrograms derived from the data
in (C). Differential absorption is defined as the difference in absorption of the x-ray pulse in the
presence and the absence of the optical field. (F) Representative spectra at selective delays in (E)
reveal the buildup and disappearance of dispersive spectral profiles. Error bars indicate the standard
deviation of the mean values acquired from three consecutive measurements.
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isolated atoms from spectral measurements has
been earlier verified by time-resolved measure-
ments (36).
To account for the effect of the optical field

on the dynamics of the system, the electronic
dipole induced in the system by soft x-ray and

optical attosecond pulse can be expressed (34)
as dxðtÞºqðtÞe�iwete�

G
2ℏt efðtÞefLðt;tÞ where

fLðt; tÞ ¼ �i
a
2
∫
t

0E
2ðt′� tÞdt′� g∫

t

0E
2ðt′� tÞdt′

(2)
is an optical gate.

Here t is the delay between pump and probe
fields, a is the polarizability, and g accounts for
amplitude reduction resulting from the optical
field–induced coupling of the soft x-ray dipole
with nearby electronic states (more detail on the
reconstruction model is given in the supplemen-
tary text). We have verified that our model accu-
rately describes nonlinearities in our experiments
by testing its capability to reproduce the field-
dependent shift of peaks A and A′ and the am-
plitude damping of peak B for a range of optical
field strengths, as indicated by the dashed lines
in Fig. 1D.
Figure 3 shows the experimental differential

absorption spectrogram (Fig. 3A) and its recon-
struction (Fig. 3B) based on the above-described
model. The high fidelity of the reconstruction is
underlined by the direct comparison ofmeasured
(Fig. 3C, red points) and reconstructed (Fig. 3C,
blue lines) differential spectra at indicated (dashed
lines in Fig. 3, A and B) representative delays.
Figure 4A shows the unperturbed relaxation pro-
files of s and d excitons retrieved from the re-
construction in Fig. 3. S excitons (red and blue
curves in Fig. 4A) relax over a time interval
of TA ¼ 3:2 T 0:3 fs;TA′ ¼ 2:3 T 0:2 fs ðℏG�1

A ¼
5:3 T 0:3 fs; ℏG�1

A′ ¼ 3:8 T 0:2 fsÞand d excitons
(violet curve, Fig. 4A), withinTB ¼ 0:75 T 0:04 fs
ðℏG�1

B ¼ 1:25 T 0:04 fsÞ;measuredatthe fullwidth
at half maximum (FWHM) (and 1/e) of the in-
tensity profile. Nevertheless, more important than
directly accessing the fastest electronic relaxation
dynamics to date is the capability of our approach
for tracking physical properties of the system
within these brief time intervals during which the
interaction remains coherent. The considerably
shorter relaxation times of d excitons (peak B)
with respect to s excitons (peaks A and A′) result
from a stronger coupling of these excitons with
optical phonons. Indeed, the coupling strengths
of exciton and LO phonon retrieved for s exci-
tons is MA ¼ 0:158 T 0:006 eV; MA′ ¼ 0:228 T
0:009 eV, whereasMB ¼ 0:724 T 0:02 eV is the
coupling of the optical phonon with d excitons.
The former agrees with earlier spectral domain
estimations for the A and A′ peaks (s excitons),
which predicted MA=A′ < 1 eV (28). This result
is also compatible with the larger Bohr radius
of d excitons compared to s excitons as revealed
by our density functional theory (DFT) simulations
(fig. S2), implying awider phase space contributing
to dephasing of d excitons.
Figure 4, B to D, contrast the optical field–free

relaxation of the s and d excitons (dashed lines)
with those dynamically gated by the optical field,
as retrieved in our reconstruction for a delay of
t = 0.5 fs between x-ray and optical pulses (solid
lines). The optical attosecond pulse (yellow line)
gates the dipole of s excitons by introducing a siz-
able phase shift ½Df ¼ 0:2p rad� (red line), which
is compatible with the prominent shift of the A
peaks shown in our time-resolved traces (Fig. 1C)
and simulations (Fig. 2C). The corresponding polar-
izability retrieved is aA ¼ 3:6 T 0:2 eV Å

2
V�2;

aA′ ¼ 3:55 T 0:09 eV Å2 V�2 , and the amplitude
damping is dA ¼ 0:17 T 0:01; dA′ ¼ 0:00 T 0:03
ðwheredi ¼ exp½� gi∫

∞

�∞
E2ðtÞdt�Þ . By contrast,
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Fig. 2. Theoretical modeling of soft x-ray excitonic phenomena. (A) Density of states (DOS) of
the Si L2,3 edge in SiO2 evaluated by DFTsimulations. S (red line), p (yellow line), and d states (violet
line) dominate the near-edge absorption. Blue line marks the total DOS. (B) Interaction scheme.The
attosecond soft x-ray pulse drives transitions (violet arrows) from the 2p level of Si to s (red) and
d (violet) states of the Si edge in SiO2. The excitonic continuum is modeled by a single band (green
cloud). The p states are marked by a yellow cloud. The field of the optical attosecond pulse in
turn dresses the excited system. (C) Transient absorption spectra as a function of the delay between
optical and soft x-ray fields. A and B mark the peaks. Dashed lines in A and B mark the central
energy of the peaks A and B in accordance with the experiments. Bare soft x-ray absorption
predicted by the model is shown as a solid black curve. (D) As in (C) but excluding p states in the
model. (E) As in (C) but excluding excitonic effects. (F) Differential transient absorption spectra
as a function of the delay between optical and x-ray field for the data in (C).

Fig. 3. Retrieval of soft x-ray–induced core-exciton dynamics in SiO2. (A) Measured (also in
Fig. 1E) differential absorption spectrogram as a function of the delay between soft x-ray and optical
attosecond pulses. (B) Reconstructed spectrogram based on the model summarized in the text.
(C) Measured (red dots) and reconstructed (blue line) differential transient absorption spectra for
representative delays (τ = 0, 0.6, 1.2, and 1.8 fs; indicated by the thin dashed line, from bottom to top)
are juxtaposed for comparison. Error bars (shown for every third data point for clarity) indicate
the standard deviation of the mean value from three measurements acquired under identical
conditions.
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gating d excitons (violet line, Fig. 4D) reveals a
weak polarizability aB ¼ 0:07 T 0:06 eV Å

2
V�2

but a strong amplitudedamping dB ¼ 0:40 T 0:01.
The latter implies that the optical field acts pri-
marily as an amplitude gate (compatible alsowith

the observation of Figs. 1C and 2C) and results in
the effective shortening of the relaxation time of
the d exciton down to ~ 500 as. Note that owing
to the nonlinearity underlying the interaction
(see fig. S4 for different delay settings), the gating
and control action of the optical field is restricted
to the ~350-as time window of the most intense
optical half cycle of the gate pulse.
We repeated the reconstruction with an ex-

tended alternativemodel (see supplementary text
4.2) to access the energy of the p exciton and the
dipole matrix elements m coupling it to the other
excitons. We could retrieve an energy value of
the dark-exciton state of Ep ¼ 107:2 T 0:2 eV;
which is in good agreement with the predictions
of the DFT simulation (Fig. 2A) (Ep ∼ 107:8 eV)
as well as estimations derived via multi-edge x-ray
spectroscopies (37). The evaluated matrix ele-
ments linking s and p excitons are mAp ¼ 1:5 T
0:2 atomic units ðauÞ; mA′p ¼ 2:9 T 0:5 au and
mBp ¼ 0:7 T 0:2 au, respectively. The above data
represent the complete characterization of the
dark excitonic state and allow further estima-
tions for the s-ground state of the core exciton.
The nonresonant polarizability can be estimated
asa ∼ m2sp=DEsp, yielding a value of aA ∼ 40 au;
aA′ ∼ 233 au. For a hydrogenic system, the non-
resonant polarizability a and the Bohr radius rB
are linked in atomic units asa ¼ 9

2 er
3
B;exc, where

e is the dielectric constant of SiO2. The eval-
uation of the Bohr radius yields rðAÞB;exc ∼ 1:3aB;
rðA′ÞB;exc ∼ 2:4aB, where aB is the Bohr radius of the
hydrogen atom. These results are in very good
agreement with the radius of the s exciton eval-
uated by our DFT simulations rBðtheoryÞ ∼ 1:3aB
and suggest that our approach can probe the
extreme confinement of the core-exciton within
sub–unit-cell (for SiO2 ~ 5 Å) dimensions
directly from dynamic measurements.
This capability of probing ultrafast dephasing

of excited electrons in bulk solids may also prove
essential for understanding the role of dephasing
in emerging photonic phenomena such as high
harmonic generation in suchmedia (38). Precise
knowledge of the polarizability of core excitons
is an essential prerequisite for porting optical
excitonic control of radiation (39) into the x-ray
regime and realizing sub–optical cycle gates of
x-ray radiation, an unexploredpossibility of critical
importance in free electron laser (FEL) technol-
ogies and their applications.
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φ=0.16 πrad ± 0.01 πrad

φ=0.157 πrad ± 0.005 πrad

Fig. 4. Tracking and controlling the core-exciton
relaxation. (A) Retrieved relaxation dynamics for
s excitons (red and blue lines) (corresponding
also to peaks A and A′ of Fig. 1B) and d excitons
(violet line) (peak B of Fig. 1B). (B) Retrieved
gated dynamics of s excitons (A) (red line) for a
relative delay (t = 0.5 fs) between soft x-ray
pulse and optical gate (yellow line). Dashed line
indicates the optical field–free relaxation of
the s exciton. (C) Retrieved gated dynamics of
s excitons (A′) (blue line) for a relative delay
(t = 0.5 fs) between soft x-ray pulse and optical
gate (yellow line). (D) Retrieved gated dynamics
of d excitons (B) (violet line) for a relative delay
(t = 0.5 fs) between soft x-ray pulse and optical
gate (yellow line). Dashed lines indicate the
optical field–free relaxation of the d exciton. The
transition frequency has been downscaled to
improve visibility of the oscillation and phase shift.
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