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Attosecond high-harmonic interferometry probes
orbital- and band-dependent dipole phase in

magnesium oxide
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Control over the spatial coherence, wavefront, and focusability of emitted light relies on understanding the intrinsic
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phase of the emission process, and vice versa; measuring the phase can provide insights about microscopic genera-
tion mechanisms. Using attosecond interferometry with phase-locked extreme ultraviolet (XUV) pulses, we directly
measure the phase differences of XUV pulses emitted from two separate foci on the same solid sample that generate
high harmonics at different driving intensities, allowing us to assess the intensity- and frequency-dependent dipole
phase. Our results are supported by analytical, two-band, and full-band numerical theoretical models. The analyti-
cal approach benefits future solid-state high-harmonic generation studies, while the full numerical model details
orbital- and band-resolved current contributions to the dipole phase. This research delivers combined quantitative
measurement and rigorous theoretical description of the harmonic emission phase in solids.

INTRODUCTION

High-harmonic generation (HHG) from solids under strong laser
fields presents a compelling frontier in nonlinear optics (1-3), un-
locking possibilities for ultrafast spectroscopy and attosecond sci-
ence. Recent advancements in this field highlight the potential of
solid-state HHG as a spectroscopy (4-6) and optically controlled
superresolution microscopy technique (7, 8), as well as a compact
source of extreme ultraviolet (XUV) radiation, characterized by a
high degree of temporal and spatial coherence. This coherence is
essential for innovative applications such as lensless diffractive im-
aging and precision metrology at the nanoscale (9-11), fueling the
pursuit of all-solid-state HHG sources capable of generating coher-
ent and focused XUV light (12, 13). Achieving efficient HHG-based
sources and optimal HHG beam focusability (14, 15) requires careful
consideration of the spatial coherence of emitted harmonics, which
is fundamentally governed by the phase and divergence of the re-
sulting XUV wavefront. The phase of high-harmonic emission, de-
termined by the dipole phase, strongly depends on the intensity and
frequency of the fundamental laser field (16, 17). In the following,
we refer to the intensity dependence of the emission phase, which is
the subject of the present manuscript, as dipole phase. The spectral
phase, which is not studied here, is referred to as an attochirp. As
electrons in the atoms or molecules of the generating HHG medium
interact with the intense laser field, they traverse various electronic
quantum paths, ultimately recombining with their parent ions to
emit XUV photons at harmonics of the driving frequency. In gases,
this process is well understood through a semiclassical framework
(18-21), where two energetically degenerate pathways, known as the
short and long electron trajectories, play a pivotal role in determining
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the dipole phase of emitted harmonics. There, the characteristics of
the driving laser beam—such as wavelength, peak intensity, polariza-
tion state, and temporal profile—primarily shape the dipole phase,
rather than the specific atomic species being used (14, 22-26). In
solid-state HHG, however, the behavior is distinct from that in gases,
as solids have a well-defined electronic band structure that sub-
stantially affects electron dynamics in the presence of strong laser
fields (27-29). The microscopic response of HHG in solids shows
that the laser field-induced transitions of electrons between the va-
lence band (VB) and the conduction band (CB) introduce two prin-
cipal contributions to the dipole phase: interband and intraband
dynamics (30-33). Interband dynamics involve polarization effects
that drive electronic excitation and electron-hole recombination, while
intraband dynamics pertain to the oscillatory motion of tunnel-
ionized electrons within a single band. Both contributions interact
intricately with the laser field parameters and the material’s electronic
properties, leading to multifaceted phase characteristics in solid-state
HHG responses.

Despite its importance, only a few recent experimental studies
have focused on examining the dipole phase in solid-state HHG
(34-36). While linear relationships between the phase of solid-state
HHG and intensity—similar to gas-phase HHG—have been estab-
lished (35), a clear link to a microscopic model via theory beyond
few-level simulations is missing. In light of this, the present study
aims to close this knowledge gap by investigating the dipole phase in
the solid-state HHG, bolstered by robust theoretical calculations.
The complexities inherent to measuring and manipulating the di-
pole phase in solid-state HHG pose substantial challenges, demand-
ing meticulously designed experiments and sophisticated theoretical
modeling. However, recent advancements in XUV interferometry
techniques have advanced our ability to probe HHG phenomena at
the atomic level, both in gases and solids (35-40). XUV interferom-
etry offers a unique and powerful approach for examining the dipole
phase and its contribution to high-harmonic emission. By interfer-
ing two XUV pulses, the phase of the emitted harmonics can be
directly quantified and obtained. Nevertheless, conducting XUV
interferometry experiments often comes with challenges related to
achieving and maintaining high stability and intrinsic interferometric
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delay precision at the subwavelength level, particularly in terms of
phase control. The widely used XUV interferometers, such as those
using Wollaston prisms (41), curved two-segment mirrors (40), or
Mach-Zehnder (42) or Michelson-type (43) designs, often experi-
ence changes in the different optical paths because of misalignments,
thermal expansion, or mechanical instabilities, resulting in phase
variations and reduced stability. Thus, these interferometers require
active stabilization of optical components and feedback loops to
achieve fine control over the phase (44, 45).

In this work, we use an ultrastable birefringent common-path
interferometer that incorporates two delayed, phase-locked collin-
ear replicas of an input ultrashort near-infrared (NIR) laser pulse to
generate two well-controlled XUV sources with attosecond precision.
The interferometer design draws inspiration from TWINS (translat-
ing wedge-based identical pulses encoding system) (46) and has
been successfully implemented in multiple spectral regions (46-50).
Here, we leverage XUV interferometry to assess the dipole phase of
high harmonics generated from bulk magnesium oxide (MgO) crys-
talline solid. We resolve the harmonic phase shifts by measuring the
corresponding interference fringes in the far field, varying the rela-
tive peak intensities of two spatially separated fundamental 800-nm
beams focused on the MgO target. This methodology allows us to
directly probe the intensity- and frequency-dependent relative di-
pole phase of high harmonics in the solid. Furthermore, through the
dipole phase measurements, we reveal that our interferometric set-
up is sensitive to the nonlinear phase shift, namely the B-integral,
accumulated as the intense laser beam travels through a nonlinear
medium. We find that the contribution from this intrinsic parame-
ter, reflecting the degree to which laser intensity modifies the refractive
index of the material, can be individually identified and subsequent-
ly subtracted from the measured harmonic emission phase while
maintaining the same experimental conditions. Thus, this study in-
troduces previously unknown quantitative measurements of the di-
pole phase and nonlinear effects occurring in real time in solid-state
HHG, achieved using an ultrastable XUV interferometer. To evalu-
ate the stability of our interferometer and guarantee the accurate
synchronization of the generated harmonics with the fundamental
frequency, we perform temporal XUV interferometric measure-
ments, which involve the interference of two time-delayed coherent
XUV fields. By controlling their relative time delay with attosecond-
level precision, we can accurately determine the time-dependent
phase delays of individual harmonics within one optical cycle (1 OC)
of an 800-nm driver. We implement several theoretical models and
simulations to assist with the analysis of the intensity-dependent ex-
perimental data and clarify the physical origins of the harmonic
dipole phase in bulk MgO. First, an analytical semiclassical HHG
model is applied to elucidate the similarities and differences in har-
monic dipole phase between gases and solids, given that the inter-
band mechanism in solids exhibits a recollision-like behavior akin
to that of gaseous atoms or molecules. Next, numerical simulations
based on the semiconductor Bloch equations (SBEs) are performed
for the two-band system, incorporating the material’s electronic band
structure and the interplay between interband and intraband contri-
butions to the dipole phase. Last, we implement an orbital-based
framework in the Wannier basis for the multiband system using nu-
merical SBE calculations, providing a clear picture of how different
orbitals contribute to the overall harmonic dipole phase and shed-
ding light on the underlying physics of the system.

Kuzkova et al., Sci. Adv. 12, eaeb4109 (2026) 1 May 2026

RESULTS

Spectrally resolved XUV interferometry

The spectrally resolved XUV interferometric experiment in bulk
MgO is depicted in Fig. 1A. An input femtosecond NIR pulse with
the intensity I is transformed into two driving NIR pulse replicas by
a birefringent common-path interferometer, which are subsequent-
ly focused into a solid HHG medium to generate XUV pulses while
maintaining a vertical separation between their focal points on the
target. Following the generation of two spatially separated XUV
sources from these foci, the emitted light is spectrally dispersed in
the horizontal direction and spatially diverged vertically, yielding a
spatiospectral image with interference horizontal fringes of high-
harmonic emissions captured in the far-field. The relative dipole phase
of high harmonics, Ad,, is assessed by varying the relative peak in-
tensities of the two pulse replicas (I; and ;) and measuring the
intensity-induced fringe shifts [p(I2) and $(I>)] of the individual
harmonics g. The interferometer’s reliability and precise synchroni-
zation of the produced harmonics with the fundamental frequency
are evaluated by measuring the relative phase delay of high harmon-
ics as a function of time (At). This process entails examining the
interference fringe shifts between two coherent XUV fields that are
time delayed while ensuring that the intensity distribution remains
equal across the NIR foci (i.e., I; = L).

Figure 1B exemplarily shows the far-field XUV interferograms
obtained from the bulk MgO with both driving NIR beams hav-
ing matched intensities at their spatiotemporal peak (6 TW c¢m ™2 at
each focus). The odd-order harmonics such as harmonic 7 (H7,
10.8 eV) and harmonic 9 (H9, 13.9 eV) were generated with an 800-nm
laser driver following the experimental conditions outlined in Mate-
rials and Methods. The fringe patterns observed in the far-field in-
terferograms on the detection plane, which are proportional to the
separation distance of the NIR foci, were chosen to effectively re-
solve phase shifts in high harmonics while avoiding oscillations at
the fundamental frequency. Figure 1C shows the two-dimensional
(2D) color map representing the time-dependent relative phase shift
of H7 in MgO, recorded as a function of the time delay between the
NIR pulse replicas. The At was varied by translating one of the
birefringent wedges of the interferometer transversely over a Ax =
30 pm range with a step size of 0.2 pm corresponding to a scanned
At = 2.96 fs range and a minimum step motion of 20 as. This was
sufficient to follow 1 OC of the 800-nm driving wavelength, Tgo) =
2.66 fs, with a high spectral resolution. As a result, the time-dependent
relative phase delays of the generated harmonics were defined with
a sub-20-as accuracy, providing detailed insights into their tempo-
ral evolution. By measuring the displacement of the fringes over
time for H7 and H9, we validated the robustness of our common-
path interferometer and the precise synchronization of harmonics
with the NIR driver, ensuring subcycle phase locking. Given that the
two foci are identical, the dipole phase term (which relies on the
driving field intensity) is the same for both, and therefore, it does
not affect the temporal harmonic phase difference (20). In Fig. 1C,
the relative phase shift of H7 over the tgo range is fitted with a linear
function (dashed line). The time-dependent relative phase of the har-
monic field is determined within a 2.7-fs range (black arrow). Here,
the maxima and minima of the fringe pattern indicate a (2x)-rad
phase shift that represents the distance between two peaks and their
relative displacement. The time delay affects the phase of the gen-
erated harmonics in a linear manner, expressed as follows (37):
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Fig. 1. Spectrally resolved XUV interferometry of MgO solid. (A) Concept of the XUV interferometric experiment for measuring the phase of high-harmonic emission
in solids. (B) Far-field XUV interferograms obtained from MgO, presented with the intensities of the NIR foci set to be identical (6 TW cm’z).The harmonic orders (H7 and
H9) refer to the odd multiples of the 800-nm driver. (C) Time-dependent relative phase shift, Aq);, in MgO for harmonic order g = 7, as obtained from the temporal XUV
interferograms. The relative fringe shift of H7 is shown with a dashed line. The extracted Ad); value over 1 OC of the 800-nm laser field (tgoo = 2.66 fs) is indicated by a black

arrow and is depicted in the figure.

A(I); =Ty * 4, where AQ° represents the relative phase shift asso-
ciated with the g-th harmonic order. Analysis of the experimental
data, as illustrated in Fig. 1C, shows that the extracted phase shift for
H7 is Ap; = 7 (2n)-rad, which corresponds exactly to the harmonic
order g = 7. Furthermore, temporal XUV interferometric results for
H9 corroborate that this linear dependence holds for higher-harmonic
orders (fig. S9). These findings underscore the exceptional resolu-
tion and sensitivity to the harmonic phase, achieved through the
XUV interferometric approach used here. Moreover, the absence of
any fringe oscillation component corresponding to the periodicity
of the fundamental (i.e., with a periodicity of 1 OC) indicates that
the two HHG sources are well separated in the near-field and do not
overlap, which would otherwise obscure the subsequent extraction
of the dipole phase.

Harmonic relative dipole phase and nonlinear optical effects
The intensity-induced relative dipole phase of high harmonics in
MgO was investigated by changing the relative peak intensities be-
tween the NIR foci. The intensities of the NIR beams, I; and I,, were
linearly varied over the AI/Ij = 1 range by rotating a half-wave
plate (HWP) positioned in front of the interferometer (fig. S1), where
I is the sum of the input intensities (I; + ;) and Al is their differ-
ence (I} — I). A value of +1 means that all the intensity is placed into
a single beam (either I; = 1and , = 0 or I; = 0 and I, = 1), resulting
in no interference, while a value of 0 represents equal intensity be-
tween the two focal points (I; = I). The far-field XUV interferograms
of the spectrally dispersed high harmonics were recorded as a func-
tion of the HWP rotational angle, By, p, associated with AI/I,. The +1

Kuzkova et al., Sci. Adv. 12, eaeb4109 (2026) 1 May 2026

positions represent Oyyp angles of 0° (0 rad) and 45° (n/4 rad),
which corresponds to a 90° rotation in the laser polarization angle.
The total peak intensity in one beam was estimated to be ~12 TW
cm ™2 With equal intensity at both focal points, i.e., AI/Iy = 0, the
peak intensity was 6 TW cm™2 (Ogyp = 22.5°). During the experiments,
the interference fringes were distinctly observed within a AI/I, =
+0.5 range, corresponding to Oyyp scan angles from 15° to 30°, or
equivalently +7.5° around the zero AI/I, position. This angular range
matched variations in peak driving intensities from 3 to 9 TW ¢cm™*
in one arm (AI/Iy = —0.5) and inversely in the other arm (AI/I; = 0.5).
We selected this range to analyze the intensity-induced relative fringe
shifts throughout all measurements. Further details on the NIR beam
characterization and intensity calibration procedures are provided
in the Supplementary Materials.

Figure 2 (A and B) shows the 2D color maps of the intensity-
induced relative fringe shifts associated with a change in the dipole
phase, A, ., for H7 (Fig. 2A) and H9 (Fig. 2B) in the bulk MgO
recorded as a function of the varying relative peak intensities of the
NIR pulse replicas. In the intensity-dependent measurements, the
interaction of intense 800-nm laser pulses with the MgO solid re-
sulted in an additional nonlinear response from the material. Given
that the refractive index of the medium varies with intensity because
of the optical Kerr effect (51), it leads to a nonlinear modulation of
the refractive index in MgO. This modulation induces a nonlinear
phase shift in the light wavefront, known as the B-integral. Thus, the
B-integral is a critical parameter in this context. In our interfero-
metric arrangement, we took advantage of the setup’s sensitivity to
phase changes to measure the intensity-dependent nonlinear phase
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Fig. 2. Intensity-induced relative fringe shifts for the harmonic and fundamental 800-nm emissions from MgO. The relative fringe shifts, Ad, ey, in MgO for H7
(A) and H9 (B) measured along the T'-X (Mg—O bond) direction as a function of the normalized intensity difference of the NIR pulse pair Al/ly (lo = 12 TW cm™2). The
Al/lp = +0.5 range corresponds to variations in NIR focus peak intensities from 3 to 9 TW cm™ in one arm and inversely in the other; equal intensities (6 TW cm™2) occur
at Al/lp = 0. (C) Accumulated nonlinear phase shift, Adgoo (B-integral), in MgO at 800 nm, measured over the same intensity range. The Aq)q’exp and Adygoo values, depicted
in the figures, were determined for the local fringe maxima of H7 (red dots), H9 (blue dots), and fundamental (gray dots) through linear fits of the fringe shifts (dashed
lines) over the Al/lp = +0.5 range. The A, ., values (corrected for B-integral contributions for harmonic orders g = 7 and 9 and expressed in radians) are presented

inTable 1.

shift in the solid sample (fig. S13). Comprehensive details regarding
the B-integral characterization using common-path interferometry
are provided in (52). Figure 2C shows the 2D color map of the rela-
tive nonlinear phase shift, A¢dggo, accumulated by the 800-nm driver
in MgO within the same measured intensity range, as displayed in
Fig. 2 (A and B). By analyzing the corresponding interference pat-
terns, we could gain insights into the nonlinear phase shift of the
investigated medium and therefore deduce the B-integral contribu-
tion from the XUV measurements. In Fig. 2, the Ad, ., and Adsoo
values were determined from linear fits to the fringe shifts and the
associated y-axis intercept over the Al/I, = 0.5 change in peak in-
tensity range. For the XUV data, the extracted Ad, ., values for H7
and H9 are 0.54 + 0.09 (2n)-rad and 0.64 = 0.11 (2x)-rad, respec-
tively. For the 800-nm data, the Adgp value of the accumulated B-
integral in the MgO sample is determined to be 0.037 + 0.01
(2m)-rad. Taking into account the harmonic order g = 7 and 9, the
total B-integral contribution to the XUV phase, Ad, 5, can be de-
finedas Ad, 5 = Adygy, - ¢. Thus, the cumulative nonlinear phase shifts
in the 100-pum-thick MgO crystalline solid are found to be Ad, ;=
0.26 +0.07 (2m)-rad and Adyg = 0.33 + 0.09 (27)-rad. By subtracting
the Ad; y and Ay contributions of the B-integral from the Ad; .,
and Ay, intensity-induced harmonic phase fringe shifts, we
can derive the experimental relative dipole phase in radians as
Ady = Adyexp — A, p. As a result, the obtained A, and Ady, val-
ues are 3.52 + 1.01 and 3.90 + 1.26 rad, respectively. In line with the
previously reported study by Lu et al. (35), the relative dipole phase in
MgO increases linearly with intensity when examining XUV emis-
sion from H7 to H9 over the same range. Nevertheless, our findings
go beyond those of previous results (35), experimentally proving that
the nonlinear phase accumulated by the intense 800-nm pulses in
the sample in a transmission geometry is markedly substantial—
nearly two-thirds of the total intensity—-induced XUV phase shift. Con-
sequently, for a correct interpretation of intensity-dependent dipole
phases, it is vital to measure and subtract the B-integral contribution
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in every solid-state HHG experiment where nonlinear effects are sig-
nificant. This methodology is broadly applicable to any transmission
HHG experiment where the emission phase plays a crucial role, es-
pecially when using relatively thick solids, such as the 100-pm sam-
ples examined here and thicker materials. Note that after estimating
propagation effects such as absorption and dispersion of the gener-
ated harmonics in MgO (see the Supplementary Materials), using
the complex refractive index data (53) and the CXRO database (54),
we concluded that seeding effects are negligible, confirming the va-
lidity of our B-integral calibration approach.

DISCUSSION

Theoretical simulations of the harmonic dipole phase

To elucidate the fundamental physical mechanisms governing the
dipole phase and aid in analyzing experimental data in MgO, we
performed analytical and numerical calculations for two-band and
multiband systems (see Materials and Methods). We began with
the implementation of an analytical two-band model that exam-
ines the semiclassical laser-driven k-dependent electron trajectories
of the electrons in the CB e and the holes in the VB €’}:, akin to those
involved in gas-phase HHG. The semiclassical action with electron
trajectories that have ionization times ¢; and recollision times #; was
derived from the SBEs under the low electron inversion limit us-
ing interband saddle-point approximation (3). The dipole phase
of the emitted XUV light was then analyzed via the semiclassical
action (20, 39)

tr
Ae[k(t)]dt with Ae,= e’e‘ - eﬁ

i

s(y)= |

t

(1)

Accordingly, from the semiclassical action, the dipole phase ¢, of
harmonic order g can be obtained as (39)
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While this expression gives the phase contribution to HHG that
has its origin in the interband current, which is typically dominant
for below-bandgap emission, we show below that the intraband HHG
contribution in many cases has a comparable phase profile. Further-
more, the analytical approach makes explicit use of well-defined tra-
jectories, which are often not clearly discernible in more advanced
simulations of solid HHG when examining the time-frequency pro-
files (Gabor transforms) of the HHG emission. As we showed previ-
ously by comparing numerical SBE simulations with the analytical
model (55), the analytical model, despite this shortcoming, predicts
the same phases as more advanced numerical simulations that do
not show clearly discernible trajectories. The physical interpretation
of Egs. 1 and 2 reveals the origin of the dipole phase in solid-state
HHG and is illustrated in Fig. 3A for two intensity-dependent di-
pole phase trajectories, ¢(I1) and ¢(I»). In the reciprocal k-space,
electron-hole pairs are generated because of excitation prompted by
the driving NIR field intensities, I; and I, which are accelerated along
separate trajectories (short and long) in the crystal band structure
before ultimately recombining in the VB. The accumulated phases
of the emitted XUV light for each harmonic order g and different
trajectories are experimentally measured as the relative dipole phase
A(l)q,exp = (1) — $(I), which can also be computed. Figure 3B pres-
ents simulation results derived from the two-band analytical model,
depicting the dipole phase trajectories as a function of time for H7
and focusing solely on the short trajectories, with I; (yellow line)
at an intensity of 6 TW cm ™ and I, (green line) at an intensity of
15 TW cm ™2 The corresponding dipole phases are calculated using
Egs. 1 and 2, which are shown as shaded areas integrated over time
in Fig. 3C. The dipole phase thus maps out the time-integrated mo-
tion of the coherently excited electron-hole wave packets, which ac-
celerate through the k-space.

Next, the SBEs were employed to numerically simulate the HHG
process in MgO solid for a two-band system. The simulations in-
volved using sparse spectral methods (56) on a one-dimensional
Fourier basis to systematically calculate the microscopic (interband

and intraband) contributions to the dipole phase. Comprehensive
information regarding the numerical SBE-based simulations can be
accessed in our previous publications (55, 57, 58). The use of Bloch
states in two-band calculations, which exhibit complete spatial delo-
calization, motivates the exploration of an alternative basis compris-
ing states that are tightly localized on specific lattice points, echoing
the properties of atomic or molecular orbitals. Considering a realis-
tic material electronic system involving multiple bands (or orbitals),
we implemented a real-space, orbital-based framework and per-
formed multiband (full electronic band structure) numerical simu-
lations of the dipole phase in MgO using a basis derived from
maximally localized Wannier orbitals (59, 60). Note that all theo-
retical simulations presented in this study were carried out for MgO
solid along the I'- X high-symmetry crystal direction, which per-
tains to the Mg—O bond. The experiments were performed in this
orientation, as confirmed by the polarization orientation scans in
MgO (see fig. S6). Additional simulations along the I'-K-X direc-
tion (or Mg—Mg bond) have also been conducted and can be found
in the Supplementary Materials.

Figure 4 shows the experimental and calculated relative dipole
phase as a function of the driving laser peak intensity for the H7 and
H9 of the fundamental 800-nm field in MgO. For both A, and Ad,
the analytical semiclassical calculations are presented for the short
(s) and long (1) electron trajectories, while the numerical simula-
tions based on the SBE two-band and Wannier state multiband
models show no behavior indicative of exclusively short or long tra-
jectories (55). Figure 4A displays a comparison between the experi-
mental dipole phase results for A, (red dots) and Ad, (blue dots)
and three theoretical models: the analytical (s) model (pink dashed-
dotted line), the numerical two-band model for interband (inter)
transitions (orange triangles) and intraband (intra) transitions (yel-
low stars), and the multiband model (ruby solid line) for H7. For
H9, the figure includes the numerical simulation results obtained
from the two-band model for the intraband (light blue stars) and
interband (blue-green triangles) transitions and the multiband mod-
el (navy blue solid line). For a direct comparison with the experi-
mental data, the initial theoretical dipole phase results (Fig. 4, B and
C), calculated on an absolute intensity scale, are presented for the
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Fig. 3. Dipole phase in solid-state HHG. (A) Schematic illustration of the intensity-dependent dipole phase trajectories, ¢(/1) and ¢(l), induced by the two NIR pulse

replicas during HHG in MgO, depicted within the crystal band structure in the recip
for H7 in MgO under applied driving NIR field intensities of 6 TW cm™ (/;) and 15
model shown as time-integrated shaded regions.

Kuzkova et al., Sci. Adv. 12, eaeb4109 (2026) 1 May 2026

rocal k-space. (B) Analytical semiclassical simulations of the dipole phase trajectories
TW cm™2 (). (C) Dipole phases ¢ (/) and ¢(/,) for H7, obtained using the analytical
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Fig. 4. Intensity-induced relative dipole phase for A, and Ad, in MgO with the 800-nm driver. (A) Experimental Ad, (red dots) and A, (blue dots) results for MgO
along the I'"-X (Mg—O bond) direction in comparison with the analytical semiclassical and numerical two-band simulations, as well as multiband simulations, determined
within the measured intensity range of Al/lp = +0.5. The reference point at Al/lp=0 (lh=12TW cm™?) corresponds to equal intensities of 6 TW cm~2in the NIR foci (verti-

cal dashed black line). The error bars (shaded areas) are 26 uncertainties derived from the linear fits of the experimental fringe patterns. (B and C) Simulated A¢, (H7) and

A, (H9) dipole phase results, shown in (A), presented on an absolute intensity scale and extended to higher driving laser peak intensities ranging from 3 to 20 TW cm™,

2

encompassing all computational findings. Note that the analytical calculations consider only 1 OC of the 800-nm laser field, whereas the numerical two-band analysis

accounts for 8 OC. For the best comparison with experimental results, the theoretical curves are vertically offset, with their reference point aligned at 6 TW cm

AI/Iy = +0.5 range in Fig. 4A. The reference point is at AI/I, = 0
(Ip = 12 TW cm™?), meaning 6 TW cm™ in each NIR focal spot
(indicated by the vertical dashed black line). The experimental re-
sults for Ad, and Ady in Fig. 4A correspond to the data points
shown in Fig. 2 (A and B), incorporating the harmonic-weighted
nonlinear phase contributions (B-integral) induced at 800 nm. The
error bars, depicted as red (H7) and blue (H9) shaded areas in
Fig. 4A, were defined from linear fits of the XUV and 800-nm fringe
patterns. Table 1 summarizes the relative dipole phase values for H7
and H9 in MgO as obtained from experimental data and multiband
and two-band numerical models. The results clearly show that the
theoretical dipole phase calculations for H7 in the low-intensity re-
gime (AI/Iy = +0.3), corresponding to I; and I, variations from 4.2
to 7.8 TW cm ™2 in each arm (inversely), are in good agreement with
one another and with the experimental A, data, reflecting the
largely semiclassical nature of short electron trajectories. At higher
intensities (AI/ly = 20.5), the multiband effects likely become sig-
nificant. Eventually, considering effects such as carrier-carrier and
carrier-phonon scattering will become important, which are cur-
rently not included in our model. All named effects are especially
important as the real-space trajectory length increases. This inher-
ently suggests that the atomic dipole phase concept used in gas-phase
HHG is less applicable to solids under higher driving intensities. This
is corroborated by the observation that the electronic band structure
of MgO around the I'-point remains approximately parabolic at low
driving intensities (fig. S17), indicative of free particle-like behavior
in a low driving intensity setting. As the driving intensity increases,
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-2

the effective momenta rise, enabling carriers to access energy levels
that are offset from those of a free particle. In the case of H9, the
experimental A¢, behavior is almost flawlessly replicated by the
numerical two-band and multiband models. Conversely, the semi-
classical approach fails to align with the experimental data because
of the emission threshold of H7 being 5 TW cm™ compared to H9s
higher requirement of around 15 TW cm ™2, as depicted in Fig. 4C.
From a classical perspective, this can be attributed to the relation-
ship between photon energy (Ep, = Eg + Eiin) and laser intensity,
where i, & k(#) increases with intensity.

In Fig. 4 (B and C), all computed results are shown on an abso-
lute intensity scale for H7 and H9, resgectively, extended to driving
laser peak intensities up to 20 TW cm™". Figure 4B displays addition-
al findings for A¢, simulated for long electron trajectories through
the analytical model (purple dashed-dotted line). Furthermore, in
Fig. 4C, we present the results of the semiclassical calculations for
both short (light green dashed-dotted line) and long (dark green
dashed-dotted line) trajectories for Ad,. The analytical model dem-
onstrates that the dipole phase slope changes more rapidly for long
trajectories than for short ones, a phenomenon attributed to the lon-
ger electronic quantum path present in gas-phase HHG, as reported
in earlier studies (14, 39). Notably, the analytical model of the short
trajectories agrees well with both experiment and other theories,
while the long-trajectory analytical model is off. As explained above
and in (55), solid-state HHG usually does not show any signatures
of long-trajectory contributions, which is thus confirmed by the
phase measurements. We also note from the numerical calculations
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Table 1. Comparison of experimental (A¢,) and calculated (Ad, ,i) relative dipole phase values for the H7 and H9 of the 800nm driving field in MgO
along theI'- X crystal direction (Mg—O bond) across a varied Al/lp= +0.5 range (lp~ 12TW cm_z).

Harmonic order (q) Ag, (rad) A o™ (rad) Adg,cact (rad) Ay, caict (rad)
7 3.52+1.01 2.96 2.04 0.74
g S — Sy O
*Multi-band numerical SBE model. +Two-band numerical SBE model (interband). FTwo-band numerical SBE model (intraband).
that the interband and intraband phase contributions differ for H7 A ' ' ' ' '
at low intensities (<5 TW cm™2) and are substantially similar in the 2 1
intermediate experimentally accessible intensity range (from 5.8 to : mg 2:;
7.3 TW cm™2). This measurement thus confirms the interband cur- 1F © Mg(d) o
rent as the origin for H7, in accordance with previous literature il ....000000”‘° o,
findings (61). The similar phase accumulation for interband and in- ok = ® goeee et . ¢ .l
traband current likely has its origin in the few-band nature of HHG .o'.. 4 i
from MgO in the observed range. While interband harmonics are b 13- o® o®
inherently sensitive to interband phases and, thus, to energy differ- B e’ e
ences between bands, the intraband harmonics will be sensitive to 79: .
intraband energy differences as a function of carrier momentum, I= : : : : ,_"cqeceed
which will result in a similar phase if the VB and CB are both con- g 2rB 1
tributing with a similar emission amplitude and band curvature. 5L me M
The dominant contribution of the VB and CB to H7 and H9 in the s ® mg <Z) ...000..
measured intensity range is further corroborated by decomposing or O%p()) ;o0 ° 1
the phase contributions into their molecular orbital origins in Fig. 5. ] it
Orbital-resolved contributions to the harmonic dipole phase ot geses ™ ]
We delved deeper into the physical origins underlying the dipole g ...-"""
phase by assessing the various orbital contributions to the harmonic =37 1A H9
dipole phase in MgO using an orbital-based framework on the Wannier L ) ) ) ) )
basis. Figure 5 illustrates the contributions of three magnesium 3 4 5 6 7 8 9 10

(Mg) orbitals (s, p, and d) and one oxygen (O) orbital (p) to the rela-
tive dipole phase of harmonics H7 (Fig. 5A) and H9 (Fig. 5B), as
determined by Fourier phases and amplitudes calculated over an
intensity range of 3 to 10 TW cm > through multiband numerical
analysis. The results reveal several key findings: For H7, the dipole
phase at lower driving intensities (<8 TW cm™?) is mainly affected
by nearly equal contributions from the Mg (s) and O (p) orbitals.
However, at higher applied intensities, the respective contributions
of the Mg (s) and O (p) orbitals decrease, and the contributions of
the Mg (p) and Mg (d) orbitals become prevalent. For H9, the phas-
es of all orbitals increase linearly with intensity, with the O (p) or-
bital making the largest contribution, thereby primarily determining
the overall harmonic dipole phase. The dominant contributions of
Mg (s) and O (p) orbitals in MgO are expected, as they have been
identified as the primary contributors to the material’s electronic
properties in the literature (62). As evident by the projected density
of states simulations (fig. S17), the highest occupied molecular or-
bital (HOMO) is dominated by the O (p) orbitals, whereas the low-
est unoccupied molecular orbital (LUMO) is dominated by Mg (s).
This coincides with the intuitive ionic bonding view, where the more
electronegative O atom attracts two electrons from Mg. Therefore,
the measured phases at low and moderate intensities of both H7 and
H9 are dominated by electron dynamics in the HOMO and LUMO
of MgO. At higher intensities, the contributions from orbitals other
than HOMO and LUMO become dominant as the electrons can be
promoted into those orbitals too. This orbital picture on the origin

Kuzkova et al., Sci. Adv. 12, eaeb4109 (2026) 1 May 2026

Intensity (TW cm'2)

Fig. 5. Orbital contributions to the harmonic relative dipole phase in MgO.
Fourier phases, weighted by the amplitudes of the three Mg orbitals (s, p, and d)
and one O orbital (p) as a function of the driving laser peak intensity for H7 (A) and
H9 (B) in MgO, based on the numerical multiband simulations. The size of each
circle corresponds to the Fourier amplitude associated with the individual orbital,
while color coding is used to distinguish between them visually. The results are
displayed for the linearly polarized 800-nm driving laser pulses aligned along the
Mg—O bond in the I'- X crystal direction of MgO.

of harmonic phases is equivalent to the more common band-structure
view of solid-state HHG, where excitation prepares coherent electron-
hole pairs, and laser-driven electron dynamics further promote these
excited carriers into higher- and lower-lying bands. Complementary
simulations for harmonic 5 (H5, 8 eV) in MgO, not observed ex-
perimentally in this study but computed (see fig. S18), further rein-
force the notion that Mg (s) and O (p) orbitals significantly contribute
to the dipole phase, including within the bandgap regime.

Conclusions and outlook

This study has provided a detailed examination of the intensity-
dependent dipole phase in solid-state HHG through the use of ul-
trastable XUV interferometry. The synthesis of experimental results
with multifaceted theoretical insights into the harmonic phase in
MgO has yielded the following key findings: The generation of high
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harmonics using the 800-nm driver in the above-bandgap regime
suggests that the interband mechanism plays a key role in the emit-
ted phase. Moreover, the insights gained from this work not only
deepen our understanding of the fundamental processes involved in
HHG from solids but also pave the way for better control over mac-
roscopic phase matching and the divergence and focusing charac-
teristics of the emitted XUV light. This is particularly enabled by
establishing and experimentally verifying an analytical model for
the dipole phase, which can serve as input for simulations of phase
matching and HHG wavefronts.

By carefully manipulating the driving laser intensity, one can achieve
attosecond-level tuning of the harmonic phase in solid-state HHG.
This could have profound applications in fields such as attosecond
science, quantum optics, and high-resolution imaging. In addition,
our approach not only facilitates the direct measurement of the har-
monic dipole phase but also encapsulates sensitivity to the B-integral,
thereby providing a robust framework for exploring nonlinear ef-
fects in real time. Future research should aim to explore how these
nonlinear effects influence HHG in a range of materials with distinct
optical properties, including nonlinear crystals, amorphous solids,
and nanostructures, as this could facilitate the development of com-
pact, efficient, and stable all-solid-state XUV light sources, provid-
ing high-brightness light for probing intricate material properties at
the nanoscale.

MATERIALS AND METHODS

Experimental details

A Ti:sapphire laser amplifier system (Astrella, Coherent) was used
to produce NIR pulses with an 800-nm central wavelength (1.55-eV
photon energy), 7-m] pulse energies, and 45-fs pulse durations at a
1-kHz repetition rate. To generate the ultrashort NIR pulse replicas,
4-m] pulse energies were driven to a birefringent common-path in-
terferometer assembled from two pairs of alpha-barium borate wedges
[see details in the Supplementary Materials (fig. S1)]. The resulting
two pulse replicas were directed to an f = 500 mm silver spherical
mirror, which focused the beams into a solid target to generate the
XUV pulses through the HHG process. The double-side polished,
100-pm-thick, (100)-cut bulk crystalline MgO sample (purchased
from SurfaceNet GmbH) was chosen as a solid HHG target. In the
experiments, the linearly polarized driving laser pulses (s-polarized)
were aligned with their polarization direction fixed along the I'-X
direction (Mg—O bond) of the solid. Focusing the NIR pulse repli-
cas, derived from attenuated ~20-pJ pulse driving laser energy into the
sample, led to a total spatiotemporal peak intensity of ~12 TW cm ™2,
with 6 TW cm ™ at each focus. The two foci of NIR pulse replicas
with a spot size of 50 + 0.46 pm (full width at half maximum) were
spatially separated vertically on the MgO target by a distance ~1.6
times the beam spot diameter (162 + 0.15 pum) (fig. S2). After gener-
ating two XUV pulses from both foci, they were spatially overlapped
in the far field in a vacuum detection chamber. An aberration-corrected,
concave, flat-field, diffraction grating (Shimadzu, 1200 grooves/mm),
housed in the detection chamber, was used to spectrally disperse the
harmonics onto a double-stack multichannel plate) and a phosphor
screen detector (Photonis USA). The back of the phosphor screen
was imaged by a complementary metal-oxide semiconductor camera
(Basler ace, acA1300-200 pm), mounted outside the detection cham-
ber. For HHG and XUV interferometry, we used a low-vibration
turbomolecular pump (Edwards, STP-XA3203C), which was backed
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by a scroll pump (Pfeiffer, SEK 28/40), maintaining chamber pres-
sures below 10™° mbar during the experiments.

Numerical and analytical models

We simulate the dipole phase in MgO along a single high-symmetry
crystal direction, I'-X (Mg—O bond) or I'-K-X (Mg—Mg bond),
using either two-band or multiband (full band structure) models in
conjunction with SBEs. In the numerical and analytical two-band
models, we use the electronic band structure of cubic MgO (100-
cut) (63) for a two-level system that includes the first VB and first
CB. The computations are performed for the MgO crystal structure,
which has a bandgap E, = 7.8 eV (64), a lattice constant a = 4.19 A,
a VB height of 1.1 eV, a CB height of 5.5 eV, a transition dipole mo-
ment at the I'-point d;, = 0.78 a.u. (atomic units), and a dephasing
time T, = 3 fs. In the numerical two-band model, one high-symmetry
crystal direction of MgO (either I'-X or I'-K-X) is represented by
a one-dimensional chain, with the assumption of tight-binding si-
nusoidal bands. The system is driven well below resonance with 800-nm
Gaussian-envelope laser pulses comprising 8 OC, with Tgg9 = 2.66 fs
for 1 OC. The specifics of our numerical model are detailed in prior
publications (55, 57, 58).

The analytical semiclassical model is derived from the laser-driven
electron trajectories. This is achieved using the SBE by applying
saddle-point approximation to the interband current while assum-
ing low carrier inversion (3). The trajectories are computed for 1 OC
of the driving 800-nm laser field. Note that the intraband current is
completely neglected in this model.

To obtain the trajectories, we consider the time-dependent effec-
tive carrier momentum during acceleration, which follows that of
the driving electric field E(t) as

k(t) = A(t) — A(t;) + ko 3)

where t; is the excitation time, A(t) is the vector potential, and k; the
initial momentum of the electron (hole). We consider a cosine laser
field, with its vector potential defined as
E, .
At) = — J E(t)dt = ——sin(wyt) (4)
®g
with peak electric field E and frequency of the laser field w,. Here,
we neglect tunneling and restrict excitation to the I'-point (k, = 0),
resulting in distinct long and short trajectories, similar to those ob-
served in gases (65). Note that these distinct trajectories are not
present in the numerical SBE simulations, as they facilitate excita-
tion across the entire k-space of the bands.
The real-space trajectories per band A € { e, h } for the different ¢
values are obtained by integration of the carrier group velocity
v, = 6k€l; over time, resulting in

t
x,(t) = j v, [k(x) | dt )
tt
The group velocity is derived from the band structure of MgO,
adopting the same two-band configuration as in the numerical SBE
simulations.
As the real-space distance between the electron and hole reaches
zero, recombination with the time #; occurs, establishing the condition

Ax(ty) =x(tr) =%, (t;) =0 (6)
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Only the trajectories that undergo recombination contribute to
the interband current, with the corresponding photon energy being
the energy difference between the charge carriers at the time of their
recombination. Thus, the analytical semiclassical model is limited to
evaluating harmonics that have energies greater than the bandgap but
less than the maximum energy difference between the CB and the VB.

As discussed earlier in the main text, the phase of the emitted
XUV light for each trajectory can be represented by the semiclassi-
cal action (20)

s(y)= |

t

fr

Ae[k(t)]dt with Ae,= e'e‘ —e’;l (7)

Therefore, the dipole phase for harmonic order g can be derived
from the semiclassical action as follows (39)

&y = a0 +5 ) = S(1) ®

In the numerical multiband model, we first calculate the field-
free band structure and dipole couplings for MgO through density
functional theory using the electronic band structure code Quan-
tum Espresso (66). The electronic structures and dipolar matrix ele-
ments were calculated using the Heyd-Scuseria-Ernzerhof hybrid
functional, which produces a bandgap within ~15% of the experimen-
tal value and about 7% of the semiempirical Becke-Johnson exchange
potential (67). We use the Heyd-Scuseria-Ernzerhof exchange-
correlation hybrid functional on a Monkhorst-Pack grid of 10 by 10
by 10 points. The Bloch states are projected onto a set of maximally
localized Wannier functions using the s, p, and d orbitals of Mg and
the p orbitals of O with the code Wannier90 (68). To ensure an ac-
curate representation of the bandgap, a rigid scissor shift was subse-
quently applied to match the experimental bandgap of 7.8 eV (69).
The calculated band dispersion and the orbital-resolved projected
density of states are presented in fig. S17. The time-dependent prop-
agation is subsequently performed using the density matrix formal-
ism with the code detailed in (59), incorporating the experimental
laser parameters (intensity, frequency, and pulse duration). Deco-
herence effects are included phenomenologically via a dephasing time
T, = 3 fs. We observe only small shifts to the dipole phase when chang-
ing T, from 3 to 6 fs in the harmonic and intensity range of interest.
The orbital contributions to the current are extracted following the
procedure in (60).

Supplementary Materials
This PDF file includes:

Notes S1to S3

Figs. S1to S24
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