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Interferometry is a fundamental technique in physics, enabling precise measurements through the interference of waves.
High-harmonic generation (HHG) in solids has emerged as a powerful method for probing ultrafast electronic dynam-
ics within crystalline structures. In this study, we employed extreme ultraviolet (XUV) high-harmonic interferometry
with phase-locked XUV pulse pairs to investigate excitation-induced bandgap dynamics in solids. Our experiments
on amorphous SiO2 and crystalline MgO, complemented by analytical modeling and semiconductor Bloch equation
simulations, reveal a correlation between phase variations in harmonic emission that are consistent with bandgap modi-
fications. These findings suggest a potential pathway for time-resolved, all-optical probing of band structure dynamics,
advancing prospects for petahertz-scale electronic applications and attosecond diagnostics of carrier dynamics.
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1. INTRODUCTION

Optical interferometry stands as a cornerstone in the annals of
optical sciences, tracing its roots back to seminal works such as the
observation of the diffraction pattern in single- and double-slit
experiments. In the field of ultrafast physics, interferometry has
been widely used for the characterization of ultrashort laser pulses
using the technique of Spectral Phase Interferometry for Direct
Electric-field Reconstruction (SPIDER) [1]. Further, the transient
alteration of the optical properties of transparent solids has been
studied by spectral interferometry, yielding information on the
dynamic modification of the refractive index during ultrafast
light-matter interaction [2,3]. The advent of attosecond science,
marked by milestone achievements such as the experimental gen-
eration of attosecond pulse trains [4,5] and isolated attosecond
pulses [6]—recognized with the Nobel Prize in Physics in 2023
[7–9]—has profoundly impacted the field of ultrafast and nonlin-
ear optics [10]. It has not only facilitated the characterization of
attosecond pulses [11] but has also enabled the probing of ultrafast
electron wavefunction dynamics [12] and field-induced tunneling
ionization [13].

With the pioneering demonstration of high-order harmonic
generation (HHG) in solids [14,15], HHG in solids has emerged
as a powerful tool for probing ultrafast electronic dynamics [16,17]

and band structure properties in condensed matter systems
[18–21]. In parallel, the concepts of solid-state HHG and interfer-
ometry have first been merged to track the intensity dependence of
the dipole phase [22]. For atomic HHG, the dipole phase can be
viewed as the phase accumulated by an electron wavepacket during
its excursion, semiclassically described by the three-step model
[23–25]. Lu et al. [22] investigated the spatial interference pattern
in the far field, generated by two phase-locked NIR pulses focused
on two separate spots in a solid sample. Their results identified
intensity-dependent dipole phase variations that were attributed
to changes in the nonlinear polarization. In a more recent study,
Uchida et al. employed a Mach–Zehnder interferometer to track
the real-time dynamics of Floquet states in WSe2 [26].

Our work builds upon these studies by employing spectral
interferometry of phase-locked extreme ultraviolet (XUV) pulse
pairs to investigate excitation-induced bandgap dynamics in bulk
solids. We focus on amorphous SiO2 and crystalline MgO sam-
ples, both of which have been subjects of previous HHG studies
[27–31], and were selected to compare materials with markedly
different carrier relaxation times and structural order.

In contrast to the earlier experiments performed by Lu et al., we
investigate the spectral interference generated by two collinearly
propagating phase-locked pulses. Hence, rather than examining
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intensity-dependent harmonic phase changes, we investigate
excitation-induced phase variations between the two generated
XUV pulses. By comparing the interferometric signal at different
total intensities while keeping the pulse energies balanced, our
approach isolates differential phase shifts induced by photoexci-
tation of the medium, making it inherently insensitive to static
intensity-dependent dipole phase variations.

Unlike coherent modifications of the electronic structure, such
as Floquet engineering [32,33] or the dynamical Franz–Keldysh
effect [34,35], we observe incoherent modifications resulting from
longer-lived carrier excitation, a topic that remains highly debated
within the field of strongly excited wide-bandgap solids [36–41].
As a result, our work correlates the observed phase shifts with
transient, excitation-induced alterations of the material’s bandgap.

Our experimental results are corroborated by numerical cal-
culations based on an analytical model alongside the solution of
the semiconductor Bloch equations (SBEs) [42,43]. We observe
high-harmonic phase shifts of opposite sign in amorphous SiO2

and crystalline MgO samples, which we interpret as being con-
sistent with excitation-induced modifications of the electronic
structure. As a result, our work introduces a potential technique
for all-optical probing of band structure dynamics on femtosec-
ond timescales. These advancements open new opportunities for
resolving ultrafast carrier dynamics in solids, enabling direct access
to photo-induced band structure changes with subcycle precision.

2. EXPERIMENTAL SETUP

In our experiments, we utilized a few-cycle, near-infrared (NIR)
waveform with a central wavelength of 750 nm and a full-width
half-maximum intensity pulse duration of approximately 4 fs
(measured with a home-built SEA-F-SPIDER [44]). This NIR
waveform was divided into two identical copies using a passively
and actively stabilized Mach–Zehnder interferometer (MZI), as
described in Ref. [45]. At the output of the MZI, the two identi-
cal, phase-locked NIR pulses propagated collinearly. The beams
were focused onto a bulk solid sample by a single spherical mir-
ror with a focal length of 750 mm. Control over the total pulse
energy entering the MZI was achieved using a combination of an
achromatic zero-order half-wave plate and a broadband wire-grid
polarizer. The temporal separation between the two phase-locked
NIR pulses (referred to as τNIR−NIR) was adjusted by a computer-
controlled delay stage within the MZI. Additionally, a second
piezo stage was used to actively stabilize the MZI using the inter-
ferometric signal of a co-propagating continuous-wave laser as a
reference. Depending on the thickness of the solid samples used,
we optimized the pulse duration using a pair of fused silica wedges,
allowing for precise control of the dispersion. This optimization
ensured optimal contrast in the interferogram and well-separated
harmonics, facilitating the analysis of the phase for individual
harmonics. The wedge position was kept constant throughout
all measurements to ensure consistency and reproducibility. The
intense NIR pulses interacted with the solid sample, leading to the
generation of HHG extending into the XUV spectral range. Due to
the phase-locking between the two identical NIR pulses, a phase-
locked XUV pulse pair (separated by τXUV−XUV = τNIR−NIR) was
produced. The XUV radiation was recollimated and directed
toward an XUV spectrometer with the help of a toroidal mirror
(TM in Fig. 1). To spectrally resolve the individual harmonics, the
beams were reflected by a variable line-spacing grating (labeled

Fig. 1. Experimental setup. A near-infrared (NIR), few-cycle laser
pulse was split into two identical copies and focused into a bulk solid sam-
ple. The resulting phase-locked extreme ultraviolet (XUV) pulse pair was
analyzed with the help of an XUV spectrometer, while the fundamental
NIR beam was analyzed with a near-infrared spectrometer. LP, half-wave
plate; WGP, wire-grid polarizer; CW, continuous wave stabilization laser;
PID, proportional–integral–differential controller; Cam 1, CMOS cam-
era; BS, beam splitters; FM, focusing mirror; TM, toroidal mirror; VLG,
variable line-spacing grating; MCP, micro-channel plate + phosphor
screen; and Cam2, CCD camera.

VLG in Fig. 1) before being detected by a double-stack micro-
channel plate (MCP) and a phosphor screen monitored with a
CCD camera from outside the vacuum chamber. The VLG could
be removed from the beam path with the help of a motorized
translation stage to enable the analysis of the NIR beams using a
commercial fiber spectrometer (Ocean Optics FLAME-S-VIS-
NIR, NIR spectrometer in Fig. 1). XUV and NIR spectra were
acquired as a function of the NIR intensity at various NIR–NIR
delays. Throughout the measurements, the integrity of the samples
was ensured by monitoring the stability of the HHG signal and
potential scattering of the fundamental beam from permanent,
laser-induced modifications. As demonstrated in prior studies
[19], the combination of thin samples and few-cycle laser pulses
ensured that the solid samples could withstand extremely high field
strengths on the order of several V Å−1.

3. EXPERIMENTAL RESULTS

In our experiments, we investigated the XUV spectral interfer-
ometry signal obtained from amorphous SiO2 (UV-grade Fused
Silica, Corning7980, 10 µm thickness) and crystalline MgO
(SurfaceNet, 100 µm thickness, measurements were conducted
along the [100] crystallographic direction). For both materials,
we observed odd harmonics of orders five to nine, reaching pho-
ton energies of approximately ∼16 eV. The maximum detected
photon energy was determined by the geometry of the detection
unit and does not represent the cutoff of the HHG spectrum [46].
A representative high-harmonic interferogram obtained with
an NIR–NIR delay of 30 fs in SiO2 excited at a peak intensity of
32.3 TW cm−2 is shown in Fig. 2(a). A well-defined interference
pattern, consisting of periodic minima and maxima, is visible in
all detected harmonics (labeled H5, H7, and H9). Despite the
substantial bandwidth of the driving NIR pulses, which support
durations close to a single optical cycle, we observed well-separated
odd harmonics. This separation results from the positive chirp of
the NIR pulses, leading to constructive interference of attosecond
bursts emitted during each half-cycle [47]. Ideally, the spacing
between interference fringes remains constant across the high-
harmonic spectrum; however, slight deviations among individual
harmonics can be attributed to detector calibration inaccuracies
and potential dispersion effects within the solid samples.

Before proceeding with additional analysis of the interfero-
metric measurements, it is essential to ensure the setup’s stability.
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Fig. 2. XUV interferometry in bulk SiO2. (a) Interferometric pattern
of harmonics 5, 7, and 9 at an NIR–NIR delay of 30 fs. (b) Spatially inte-
grated harmonic signal of the individual odd harmonics obtained at differ-
ent NIR peak intensities (I1 = 15.7 TW cm−2, I2 = 32.3 TW cm−2, and
I3 = 46.7 TW cm−2) projected onto the energy axis. The spectra are off-
set vertically (by 0.2 for I2 and 0.4 for I3) for visibility.

A comprehensive characterization and analysis of the stability
assessment are provided in Supplement 1 as well as in Ref. [45]
demonstrating a stability of below 10 as.

To investigate the field-intensity impact on the interferomet-
ric fringe pattern, we modulated the peak intensity of the two
phase-locked NIR pulses while maintaining a constant splitting
ratio of 50:50 in the MZI. By progressively increasing the intensity
of both pulses, we aimed to assess how the interaction of the first
NIR pulse, E1(ω, t), with the sample influences the subsequent

interaction between the second NIR pulse, E2(ω, t − τ), and
the sample. This influence manifests as a shift in the minima and
maxima observed in the interferometric spectra, reflecting a phase
shift between the two generated phase-locked XUV fields, termed
1φXUV. Figure 2(b) illustrates such shifts in the interferometry
signal obtained at different NIR peak intensities. Generally, the
minima and maxima shift toward lower energies as the NIR peak
intensity increases. The collective shift of the spectral interference
fringes, associated with1φXUV, as a function of the NIR intensity
is summarized in Fig. 3(a). It is apparent that at moderate NIR peak
intensities of up to∼25 TW cm−2, the location of the minima and
maxima in the interference pattern remains almost constant, while
at peak intensities above 30 TW cm−2, a redshift of the fringe pat-
tern becomes similarly visible in the interferograms of all observed
harmonics. In addition to the fringes moving toward lower photon
energy as the intensity increases, the energy of the harmonics moves
up. We emphasize that this blueshift of the individual harmonics
does not affect the determination of1φXUV.

To quantify the high-harmonic phase shift, we employed the
Takeda algorithm [48]. This algorithm extracts the spectral phase
from the measured fringe patterns by filtering out the AC com-
ponent in the Fourier domain (for details, see SI). We compared
all retrieved phases to those obtained in the initial measurement
conducted at the lowest NIR intensity. Consequently, the initial
measurement serves as our phase reference (1φXUV = 0), and sub-
sequent measurements reveal the relative phase shift compared to
this baseline. It is important to note that this reference is arbitrary
since the absolute phase is unknown; our interest lies solely in the
relative phase—namely, how the phase1φXUV changes with vary-
ing intensity levels. To quantify the phase shift1φXUV for a given
harmonic order, we calculated a weighted average of the phase shift
across the measured intensity distribution of an individual har-
monic order. This approach involves using the measured intensity

Fig. 3. Extraction of the1φXUV and1φNIR in SiO2. (a) 2D maps of the intensity dependence of the spectral interferometry signal of the observed high
harmonics. (b) Extracted XUV phase shift as a function of the NIR peak intensity (phases of H7 and H9 are offset vertically by 0.5 rad and 1 rad for vis-
ibility). To avoid visual clutter, we omit error bars on the intensity axis, which would arise from uncertainties due to beam profile and power fluctuations.
(c) NIR spectral interferometry in SiO2. The pink circles illustrate the intensity dependence of the NIR phase shift1φNIR. The blue line in the inset shows
the NIR-interference pattern. In the inset of panel (c), the vertical axis shows the normalized spectral intensity in arbitrary units. σ denotes the standard
deviation of the extracted NIR phase shift, as determined from the fringe analysis.

https://doi.org/10.6084/m9.figshare.30179170
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profile of each harmonic as a weighting factor, ensuring that any
small phase shifts within a harmonic peak are incorporated into
the overall variance of the mean phase shift value. The weighted
mean phase shift,1φXUV of an individual harmonic order, can be
expressed as

1φXUV =

∑N
i=1 Yi1φi∑N

i=1 Yi

, (1)

where Yi represents the measured harmonic signal yield, and φi

is the measured phase of the associated i th interference fringe
maximum. The result of this analysis is shown in Fig. 3(b),
where the resulting phase shift is visualized as a function of the
NIR peak intensity for the three observed harmonics. After an
almost flat region (with the exception of a small minimum around
17 TW cm−2) up to ∼22 TW cm−2, the extracted phase for all
harmonics substantially increases by more than 1 rad before reach-
ing its maximum value at the highest experimentally accessible
(i.e., nondestructive) intensity. Unlike H5 and H7, the extracted
phase of H9 shows a saturation behavior at the highest NIR
intensities.

In interpreting the observed 1φXUV, it is ambiguous whether
the phase alteration arises from the XUV-generation process
(i.e., HHG) or if it stems from a phase accumulation of the time-
delayed, fundamental NIR pulse E2(ω, t − τ) propagating
through a region within the sample potentially modified by
E1(ω, t). The interaction of E1(ω, t)with the sample may induce
modifications in the optical properties via the generation of an
electron–hole plasma, leading to an enhanced phase accumulation
1φNIR of the time-delayed second NIR pulse [38]. Consequently,
the resulting XUV phase would follow from the differential NIR
phase via 1φXUV =N1φNIR, where N denotes the harmonic
order. To investigate the potential imprint of the NIR phase on

the XUV phase, spectral interferometry measurements were
conducted in the NIR spectral range. The measurements were
conducted under the same conditions as the XUV interferometry
experiments, utilizing identical samples and maintaining an iden-
tical beam path up to the detection stage (see Fig. 1). Analogous to
the procedure described for the XUV spectra, we used the Takeda
algorithm to extract the intensity-dependent phase variation
1φNIR [purple circles in Fig. 3(c)]. The observed NIR phase shows
no significant intensity dependence with a standard deviation of
only 28.3 mrad indicating that the observed change of 1φXUV is
not due to propagation effects and is not inherited from the NIR
phase. The absence of a detectable electron–hole plasma signature
in the NIR interferometry measurements can be attributed to the
small differential carrier density induced by the two excitation
pulses, which is insufficient to cause a measurable change in the
NIR phase (a detailed explanation and numerical estimate are
provided in Supplement 1).

The same measurements as above were performed for mono-
crystalline MgO samples. The results are summarized in Fig. 4.
As shown in Fig. 4(a), the overall shift of the interferometric pat-
tern points in the opposite direction. At high intensities above
∼ 15 TW cm−2, a substantial shift of the interference pattern
toward higher energies (blueshift) was observed. This behavior
is further illustrated in Fig. 4(b), where the extracted 1φXUV

as a function of NIR peak intensity is shown for the observed
harmonics. The NIR spectral interferometry results shown in
Fig. 4(c) again only display slight variations in the weighted
mean NIR phase. Orientation-dependent measurements (see
Supplement 1) reveal an anisotropic phase shift, consistent with
earlier reports of polarization-sensitive excitation and HHG
efficiency in MgO [31].

Fig. 4. Extraction of the1φXUV and1φNIR in MgO. (a) 2D maps of the intensity dependence of the spectral interferometry signal of the observed high
harmonics. (b) Extracted XUV phase shift as a function of the NIR peak intensity (phases of H7 and H9 are offset vertically by 0.5 rad and 1 rad for vis-
ibility). To avoid visual clutter, we omit error bars on the intensity axis, which would arise from uncertainties due to beam profile and power fluctuations.
(c) NIR spectral interferometry in MgO. The pink circles illustrate the intensity dependence of the NIR phase shift1φNIR. The blue line in the inset shows
the NIR-interference pattern. In the inset of panel (c), the vertical axis shows the normalized spectral intensity in arbitrary units. σ denotes the standard
deviation of the extracted NIR phase shift, as determined from the fringe analysis.

https://doi.org/10.6084/m9.figshare.30179170
https://doi.org/10.6084/m9.figshare.30179170
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Additional measurements performed at various delays (also
shown in Supplement 1) reveal a strong suppression of the high-
harmonic phase variation with increasing NIR–NIR delay in the
case of SiO2 while the effect remains constant across the tested
delays of 30, 40, and 50 fs in MgO. This can be attributed to the
differing electron–hole recombination times and suggests that
the observed intensity-dependent high-harmonic phase shifts are
related to the photoexcited carrier densities.

Additional experimental observables extracted from the XUV
interferometry measurements are summarized in Fig. 5. Panels (a)
and (b) illustrate the central energy shifts of the observed harmon-
ics in SiO2 and MgO, respectively, both exhibiting continuous
blueshifts. Notably, the energy shifts in MgO are significantly
larger, reaching up to 0.6 eV, compared to a maximum of 0.3 eV in
SiO2. Figures 5(c) and 5(d) show the normalized fringe contrast of
the interference patterns observed in SiO2 and MgO as a function
of the NIR peak intensity. To quantify the contrast of the spectral
fringes, we have computed an average normalized fringe ratio for
each harmonic order defined as

r =
Ipeak − 0.5× (Ivalley,left + Ivalley,right)

Ipeak + 0.5× (Ivalley,left + Ivalley,right)
, (2)

where Ipeak is the intensity at a fringe maximum, and Ivalley,left and
Ivalley,right refer to the intensities of the neighboring minima.

While SiO2 shows no characteristic trend across the full range of
applied NIR intensities, MgO exhibits a clear reduction in fringe
contrast with increasing intensity across all observed harmonic
orders.

4. MODELING AND DISCUSSION

A. Modeling of XUV High-Harmonic Interferometry in
Solids

To support our experimental findings, we performed analytical cal-
culations and numerical simulations using a versatile set of models
and tools. First, we computed the influence of an excited carrier

population on the band structure of crystalline MgO using first-
principle density-functional theory (DFT, details can be found in
the SI). The comparison of ab initio calculations of the electronic
distribution in pristine and strongly perturbed MgO reveals that
due to state-blocking, the energy gap between the highest-lying
valence band state and the lowest-lying conduction band state
increases steadily as a function of the carrier concentration [see
Figs. 6(a) and 6(b)]. At a carrier concentration of 1× 1023 cm−3,
a bandgap widening of above 140 meV is predicted by our DFT
calculations.

To model the spectral interferometry of HHG from solids,
we numerically solved the SBEs in a two-band tight-binding
approximation for cubic MgO along the0-X direction (for further
details see SI) employing a phase-locked NIR pulse pair. Since
excitation-induced variations in the electronic structure are not
directly accounted for by the SBEs and are themselves extremely
challenging to compute (see, e.g., Refs. [36,37]), we instead moni-
tor the resulting high-harmonic interference pattern as a function
of the bandgap E g . This assumes that the conduction band popu-
lation excited by the first strong NIR field dynamically modifies the
bandgap, altering the HHG process induced by the second NIR
field and leading to a variation in the high-harmonic phase.

For the simulations, we performed separate computations of
single-pulse HHG for MgO with a bandgap varying from 7.5 to
8.0 eV in 10 meV steps. We subsequently compute the spectral
interference of the emission with original bandgap at 7.5 eV and
the time-delayed emission with varied bandgap. In this approach,
the bandgap change is treated as a parameter, which allows us
to study how bandgap changes manifest themselves as shifts of
spectral interference fringes.

Figure 6(c) shows the bandgap dependence of the seventh
harmonic interference pattern obtained from an SBE simulation
at an NIR peak intensity of 30 TW cm−2 in MgO. A substan-
tial frequency blueshift of the interference fringes for increasing
bandgap (bandgap widening) is observed. The dashed gray lines in
Fig. 6(c) emphasize this blueshift, revealing a linear increase in the
fringe frequency of approximately 0.05. These results resemble the

Fig. 5. Extraction of energy shifts and fringe ratios from the XUV interferometry measurements. (a) Energy shift of the individual harmonics as a func-
tion of excitation intensity in SiO2. (b) Same as in (a) for MgO. (c) Extracted normalized fringe ratio of the observed odd harmonics according to Eq. (2) as
a function of the NIR peak intensity in SiO2. (d) Same as in (c) but for MgO.

https://doi.org/10.6084/m9.figshare.30179170
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Fig. 6. Simulated bandgap renormalization and corresponding harmonic phase shifts. (a) Band structure of MgO obtained from DFT. The unper-
turbed system (purple lines) is compared to the excited system at a carrier concentration of 1× 1023 cm−3 (blue lines), illustrating excitation-induced
renormalization. (b) Averaged bandgap shift extracted from DFT calculations as a function of carrier density. (c) Shift of the seventh harmonic spectral
interference pattern obtained from two-band SBE simulations with a fixed delay of 30 fs. (d) Same as (c), but using a semi-classical analytical model under
the same excitation conditions.

experimental findings for MgO shown in Fig. 4(a), suggesting that
the observed1φXUV may be caused by a bandgap widening in the
MgO crystals.

To analytically link high-harmonic phase shifts and bandgap
modifications, we have employed an additional analytical, semi-
classical two-band model for the calculation of HHG in solids as
introduced in [49]. This model was numerically verified in [49] by
comparing its predicted phase shifts to the phase shifts obtained
from numerical solutions of the two-band semiconductor Bloch
equations in length gauge. In brief, in the analytical model, we
calculated classical trajectories within a two-band system under
the assumption of low carrier inversion. Excitation is restricted
to the 0-point, to ensure unambiguous separation of long and
short trajectories which are not found using the SBEs, as these
allow for excitation along the entire band structure [50] according
to the k-dependent transition dipole moment and band energy
separation.

Electron and hole (λ ∈ {e , h}) wavepacket trajectories xλ(t) for
different excitation times ti are determined by classical integration
of the group velocity vλg (k(t)) over time, where k denotes the crystal
momentum:

xλ(t)=
∫ t

ti

vλg (k(τ ))dτ . (3)

Recombination is assumed to occur when the spatial
displacement between the electron and hole becomes zero:

1x (tr )= x e (tr )− x h(tr )= 0. (4)

Here, tr represents the recombination time. The photon energy
emitted by a given trajectory corresponds to the energy difference
1ε between the carriers at the moment of recombination. To assess
the influence of bandgap variations on the phase of the associated
interband current, we calculated the phase of the emitted light
using the semi-classical action:

S(tr )=
∫ tr

ti

1ε(k(τ ))dτ . (5)

From S(tr ), we can evaluate the dipole phase [51] via

φ =N
(
ω0tr +

π

2

)
− S(tr ), (6)

with N being the harmonic order of the fundamental frequency
ω0. Under the assumption of small bandgap variations, the
resulting phase difference can be approximated by

1φ ≈−1E g1t with 1t = tr − ti . (7)

For MgO, we obtained a characteristic excursion time of
1t ∼ 1.5 fs for the seventh harmonic order in [49], which was
obtained by fitting the phase shifts from the two-band SBEs
[Fig. 6(c)] with Eq. (7). Results for the relationship between the
frequency shift of the interference spectrum and the bandgap
variation for the seventh harmonic obtained from the analytical
model are presented in Fig. 6(d). A linear relationship between the
shift of the interference pattern and the bandgap variation 1E g

with an average slope of∼ 0.05 (indicated by the gray dashed lines,
identical to the slope observed in the SBE results) can be observed.
Again, the qualitative agreement with the experimental results
shown in Fig. 4 indicates that indeed photo-induced bandgap
dynamics and associated variations of the dipole phase can be held
responsible for the experimentally observed1φXUV.

B. Discussion and Interpretation of the Results

Since the photon energies of all observed high-order harmonics lie
above the bandgap, with the exception of H5, which lies close to
the bandgap of both SiO2 and MgO (∼7.8 eV) and may partially
overlap with it, we expect interband recollisions to provide the
dominant contribution to the harmonic radiation.

This is also corroborated by our SBE results and is in agreement
with recent studies concluding that above-bandgap harmonics
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are dominated by the interband recollision mechanism [52,53].
Moreover, since the photon energies of the observed harmonics
(H5–H9) range from approximately 8 eV to 14 eV, i.e., lie above
or near the bandgaps of the investigated materials, a two-band
description, considering only the valence and conduction bands,
is adequate. This is justified by the fact that, in our simulations,
the combined energy width of these two bands exceeds 8.6 eV
(details in SI).

The phase variation of the XUV harmonics is interpreted as aris-
ing from a modification of the high-harmonic phase of the second
XUV pulse. This modification results from the interaction of the
first NIR pulse with the sample, which alters the optical properties
of the material. This phase shift, observed at a delay well beyond the
pulse duration, cannot arise from coherent field-driven effects such
as the AC Stark shift or free induction decay, but instead points
to an incoherent, longer-lived excitation of carriers that most
plausibly induces a transient modification of the band structure,
with bandgap renormalization expected to play the dominant role.
The reasoning behind a positive or negative phase shift can be at
least partially understood as follows: according to Eq. (7), the phase
decreases if the bandgap increases [note the minus sign in Eq. (7)].
The phase can be viewed as the accumulated action of the electron
following excitation, hence a change in energy directly affects the
phase. While the time the electron spends during acceleration also
changes with changing bandgap, we found the influence of this
change to be negligible compared to the band energy changes in
our simulations. In contrast, if the bandgap decreases, the opposite
occurs and the phase increases.

Several recent studies have proposed that in strongly excited
fused silica, the bandgap tends to shrink [36,37]. Although directly
measuring the transient bandgap modulation is challenging, espe-
cially at intrapulse timescales [38], several indirect evidences have
been obtained, indicating a significant shrinkage of the bandgap in
photoexcited SiO2 [41], up to several eV. Conversely, in crystalline
materials, an opposite behavior has been reported [40]. Due to
Pauli blocking of the available and allowed energy states close
to the conduction band edge and ground-state bleaching (i.e., a
significant reduction of the ground-state population), the effective
energy required for an electron to be promoted from the valence
to the conduction band increases. This state blocking, or bandgap
widening, has been observed in many different crystalline materials
[39] and is often connected to the Burstein–Moss effect [54]. One
possible explanation for the observed differences between SiO2

and MgO might lie in the lack of a well-defined band structure in
amorphous SiO2. In such materials, due to the existing crystalline
short-range order, energy landscapes form in small clusters of

the material. However, over a longer range or larger volume, the
band structure washes out, resulting in a large number of available
excited states. This inhibits the state blocking observed in crys-
talline materials, where only specific, well-defined energy levels are
available for electron excitation. The microscopic mechanism lead-
ing to the bandgap narrowing in fused silica is still a topic of intense
debate. Recent calculations suggest that strong-field-induced elec-
tronic charge redistribution may lead to a rearrangement of atoms,
resulting in altered bonding strength and a corresponding decrease
in the bandgap [36]. Additionally, intrinsic and photo-induced
impurities and defects can modify the electronic landscape, thereby
influencing the band structure and bandgap. Currently, no unified
theory exists that simultaneously captures these effects alongside
reliable modeling of photo-induced band structure variations,
particularly for amorphous SiO2. Consequently, calculations
fully explaining the opposing trends observed for MgO and SiO2

are beyond the scope of this work. However, our interpretation
is strongly supported by previous experimental and theoretical
studies.

As described above, the opposite signs of the phase variation can
approximately be assigned to different signs of the bandgap varia-
tion due to the presence of an electron–hole plasma. In Figs. 7(a)
and 7(b), we estimate the corresponding 1E g values from the
measured 1φXUV using Eq. (7), under the assumption that the
observed phase shift is primarily due to bandgap variations. This
results in a maximum bandgap widening of ∼ 1 eV in the case of
MgO [see Fig. 7(b)] and a bandgap shrinkage of∼ 0.8 eV for SiO2

[Fig. 7(a)] using characteristic excursion times of 1t ∼ 1.5 fs as
determined earlier. Figure 7 contains error bars reflecting the NIR
phase uncertainty, propagated as 2σN , to account for harmonic-
order dependent scaling. These estimated bandgap variations
are consistent with trends observed in previous studies [41] and
numerical simulations of strong-field-induced bandgap shifts in
wide-bandgap materials and indicate the possibility of tracking
bandgap dynamics with sub-fs temporal precision using XUV
spectral interferometry in wide-bandgap solids.

We emphasize that Eq. (7) is a simplified model based on
specific assumptions. Nevertheless, the consistency between
experiment and simulation provides compelling support for our
hypothesis-driven interpretation, and we find the bandgap extrac-
tion highly insightful, as it underscores the broad applicability of
our experimental technique for determining a key material prop-
erty, which is of significant interest both for fundamental research
and potential technological applications.

Finally, the extracted frequency shifts and fringe ratios of the
individual harmonics can be analyzed and interpreted in terms of

Fig. 7. (a) Extracted bandgap variation as a function of the NIR peak intensity in SiO2 obtained with the help of Eq. (7). (b) Same as in (a) but for MgO.
Results in the high-intensity regime are faded due to the limited validity of Eq. (7) in this regime and the underlying approximations. Error bars calculated as
2σN , where σ is the standard deviation of the NIR phase noise, andN is the harmonic order.
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the generated conduction band electron densities. Assuming that
the frequency shifts of the harmonics are linked to an excitation-
induced blueshift, a considerably higher density of photoexcited
electron–hole pairs, despite a very similar bandgap, was generated
in MgO. This blueshift arises from plasma-induced refractive
index changes and occurs irrespective of the direction of the high-
harmonic phase shift, confirming that it is governed by carrier
density rather than bandgap dynamics. Additionally, the lifetime
of the electron–hole plasma in MgO was reported as being signifi-
cantly longer (τL ≈, 1.5 ps [55]) compared to SiO2 (τL ≈, 150 fs
[56]). Further evidence for higher plasma densities in MgO arises
from the fringe contrast in the interferometric measurements
[see Fig. 5(c) for SiO2 and (d) for MgO]. As shown in Ref. [49],
a faster dephasing, characterized by a decrease of the dephasing
time T2, leads to a suppression of the HHG yield, which can be
approximately described by

Y ∝ e−
τ

T2 T2

(
1− e−

τ
T2

)
, (8)

with τ being the time delay.
A carrier population generated by the leading pulse will enhance

the electron–electron scattering rate and thus the dephasing during
the HHG induced by the trailing pulse due to the presence of the
electron–hole pairs as has been measured in photon-echo exper-
iments in the single-photon weak-field limit [57]. The increased
dephasing suppresses the harmonic yield generated by the trailing
pulse [58], leading to a weaker contribution from the second inter-
ference source and, consequently, an intensity-dependent decrease
in fringe contrast as experimentally observed in Figs. 5(c) and 5(d),
compared to a perfect intensity modulation in the interferogram
of two equal HHG emissions. Based on earlier two-band SBE
simulations [49], we note that while reduced dephasing times can
lead to minor phase shifts in the high-harmonic emission, these
effects are accompanied by a strong suppression of the HHG yield,
making it unlikely that the observed phase shifts in our experiment
originate from dephasing.

5. CONCLUSION

In conclusion, we have expanded high-harmonic spectroscopy of
solid-state systems to XUV spectral interferometry, a technique
previously limited to gas-phase and molecular systems. We ana-
lyzed the intensity-dependent variation of the high-harmonic
phase using XUV spectral interferometry and interpret these
results in terms of transient alterations of the electronic structure.
We observed fundamentally different behavior in the two materials
studied, amorphous SiO2 and crystalline MgO, which we attrib-
ute to differences in their photo-induced bandgap dynamics and
dipole phase response. While these observations may be indicative
of trends associated with amorphous and crystalline order, further
studies on a broader range of materials will be necessary to confirm
whether such distinctions hold generally.

Our results highlight the versatility of high-harmonic spectros-
copy for investigating ultrafast carrier dynamics and their resulting
effects in solids. We also demonstrate the potential of XUV inter-
ferometry as an all-optical technique for probing band structure
dynamics with the potential for subcycle accuracy. The presented
strategy is not limited to the specific classes of materials studied
here but represents a widely applicable experimental technique
with potential applications in ultrafast metrology of semiconduc-
tors, thin films, and two-dimensional materials. Furthermore,

high-harmonic interferometry may enable the decoding of various
ultrafast electronic and structural dynamics when performed in
different wavelength and delay ranges. Notably, the interferomet-
ric approach could also provide a viable strategy for all-optical
probing of electron–hole coherence times, thereby offering direct
access to the dephasing time of photoexcited electron–hole pairs.
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