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Abstract: We report a coherent layer-by-layer build-up
of high-order harmonic generation (HHG) in artificially
stacked transition metal dichalcogenides (TMDC) crystals in
their various stacking configurations. In the experiments,
millimeter-sized single crystalline monolayers are synthe-
sized using the gold foil-exfoliation method, followed by
artificially stacking on a transparent substrate. High-order
harmonics up to the 19th order are generated by the inter-
action with a mid-infrared (MIR) driving laser. We find that
the generation is sensitive to both the number of layers and
their relative orientation. For AAAA stacking configuration,
both odd- and even-orders exhibit a quadratic increase in
intensity as a function of the number of layers, which is
a signature of constructive interference of high-harmonic
emission from successive layers. Particularly, we observe
some deviations from this scaling at photon energies above
the bandgap, which is explained by self-absorption effects.
For AB and ABAB stacking, even-order harmonics remain
below the detection level, consistent with the presence
of inversion symmetry. Our study confirms our capability
of producing nonperturbative high-order harmonics from
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stacked layered materials subjected to intense MIR fields
without damaging samples. Our results have implications
for optimizing solid-state HHG sources at the nanoscale and
developing high-harmonics as an ultrafast probe of artifi-
cially stacked layered materials. Because the HHG process
is a strong-field driven process, it has the potential to probe
high-momentum and energy states in the bandstructure
combined with atomic-scale sensitivity in real space, mak-
ing it an attractive probe of novel material structures such
as the Moiré pattern.

Keywords: 2D materials; heterostructures; high-harmonic
generation; strong-field physics; transition metal dichalco-
genides.

1 Introduction

High-harmonic generation (HHG) is a strong-field optical
process that has been well studied in atomic and molecular
gases [1-4]. In the phase-matched configuration, the har-
monic signal adds coherently and the intensity increases
quadratically as the gas density is increased. The quadratic
scaling stems from constructive interference of the elec-
tric field of the high harmonics generated in each atom or
molecule. More recently, driven by the development of long
wavelengths laser sources, high-harmonic generation has
been observed in solid-state samples [5], which lead to a
vibrant new research direction [6—11]. Research in the field
has been directed towards an advanced understanding of
the microscopic mechanism of strongly driven electrons in
solids [6, 7, 12—20], characterization of the temporal profiles
of the harmonics for the purpose of generation of attosecond
pulse [21-23], probing electron-hole coherence in driven
solid materials [24], probing light-field driven electronics
[25-30], in-situ focusing and shaping of high-harmonics
using structured samples [31, 32], and most recently in prob-
ing the topological properties [9, 33-35]. Due to the high
density of the target, the treatment of macroscopic effects
in solid materials requires careful consideration of absorp-
tion [36], as well as self-reaction effects, such as self-phase
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modulation of the driving laser pulse [37]. Often the desired
thickness is in the nanoscale [38], limited by either phase
mismatch or absorption.

Transition metal dichalcogenides (TMDC) are layered
van-der-Waals materials that provide an exceptional plat-
form for material synthesis at the nanoscale. Contrary
to their bulk counterpart, monolayers exhibit broken
inversion symmetry, therefore second-harmonic generation
(SHG) has been an interesting approach to studying elec-
tronic and optical properties as a function of the number
of layers and crystal orientation [39—-45]. Previously, non-
perturbative HHG was observed from monolayer TMDCs
subjected to intense mid-infrared laser fields [14, 15]. Unlike
their bulk counterpart, monolayers exhibit broken inver-
sion symmetry and, correspondingly, produce even-order
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Figure 1: High-harmonic generation from artificially stacked WS,.

(a) Schematic representation of high-harmonic generation in AA and AB
stacked homobilayers of WS,. (b) Illustration of the underlying symmetry
of naturally grown (AB) and artificially stacked (AA) WS,. The natural bulk
AB-stacked crystal is centrosymmetric, whereas the AA-stacked artificial
crystal exhibits broken inversion symmetry, as highlighted by the dashed
red line. (c) Measured HH spectrum for 4-layered ABAB-stacked and
AAAA-stacked TMDC crystals. The artificially stacked crystal with its
broken inversion symmetry produces both even- and odd-order
harmonics ranging from 5 to 19.
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harmonics in addition to the odd orders. In natural bulk
crystals the crystallographic orientation of adjacent layers is
rotated by 180°, which is denoted as AB (or Bernal) stacking,
as schematically illustrated in Figure la [42, 44-47]. The
availability of individual monolayers from exfoliation and
the possibility of their arbitrary stacking represent a mate-
rial synthesis-based approach to control optical nonlinear-
ities and thus to optimize solid-state HHG, which recently
gained tremendous attention due to the observation of
superconducting states in graphene moiré superlattices [48]
and the observation of flat bands in a wider range of twist
angles using TMDC [49]. This artificial stacking allows one
to study how the efficiency for the generation of even- and
odd-order harmonics evolves as a function of a number of
layers, including the influence of macroscopic effects such
as absorption and phase mismatch, as well as potential
interlayer coupling effects.

2 Experimental results

Here, we report first results on high-harmonic genera-
tion in artificially stacked crystals as a function of the
number of layers and their stacking domain. We observe
that the HHG response is dominated by constructive inter-
ference from adjacent layers, close to the ideal limit a
coherent layer-by-layer build-up of high-order optical har-
monics results in a quadratic optical response Ipyg o n?,
with n the number of stacked layers. For harmonics
above the bandgap we observe some deviations which are
attributed to absorption.

Monolayers of tungsten disulfide (WS,) are prepared
using a novel gold-assisted exfoliation technique. This
method enables the creation of mm-sized single-crystalline
flakes, as shown in Figure 2a [45]. These large monolayers
are then stacked on a fused silica substrate to form a tailor-
made crystal with mm-sized in-plane dimensions and the
desired symmetry properties. The angles between adjacent
layers are aligned with a precision of about +5°, limited by
our fabrication technique. The artificial crystals are illumi-
nated at normal incidence and ambient conditions with lin-
early polarized laser pulses with a pulse duration of ~100 fs
and at a central wavelength of ~5 pm. The laser beam is
focused on the sample with a spot size of ~90 pm (1/¢? inten-
sity radius). For the laser pulse energy of 4 pJ, this yields
an estimated vacuum peak intensity of ~3 x 10" W/cm?,
corresponding to a peak fluence of ~31 mJ/cm? or a peak
vacuum field strengths of ~1.2 V/nm at the sample. This peak
intensity is below the damage threshold of the sample at
the experimental 1 kHz repetition rate. The generated high
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Figure 2: Spatial mapping of HHG from mm-sized artificially stacked WS, crystals. (a) Optical image of large-scale stacked WS,. The indicated regions
of different layer thickness have been identified by optical contrast measurements. (b and c) HH mapping for HO 7 and HO 12, as representative even
and odd-order HH signals. (d) For A ... A stacking, we find quadratic scaling (gray line) of HO 7 as a function of layer thickness. The mean value and the
error bar of the data points are obtained by averaging over the stacked area, normalized to the monolayer. Number of layers equal to zero
corresponds to the condition when only the substrate is illuminated. (e) Similarly, quadratic scaling of HO 12 as a function of layer thickness is found,
with some deviation for samples with four layers. As a result of the sensitivity to inversion symmetry, the even-order harmonic response is distinct for
AA and AB stacking. (f and g) Illustration of even and odd-order harmonic generation for AA stacking in (f) and AB in (g), respectively.

harmonics are collected from the sample in transmission
and focused by CaF, lenses into a spectrometer.

For crystals with AA stacking, the broken inversion
symmetry of the monolayer is preserved, as illustrated in
Figure 1b [40, 50]. For the case of second-harmonic gen-
eration (SHG), it has been shown that the response then
scales quadratically with the number of stacked monolay-
ers [42-45]. Here we extend these measurements to the
strong-field regime, where the harmonic spectrum extends
up to harmonic order (HO) 19. Figure 1c shows the HH
spectra for four layers of WS,, for both ABAB (top panel)
and AAAA (bottom panel) stacking. The spectra exhibit dis-
tinct peaks at integer multiples of the pump photon energy,
corresponding to high harmonics ranging from the 5th to
19th order, which, on the lower photon energy side, is lim-
ited by the response of our detection system (see SI). For
the ABAB-stacked samples, no even-order harmonics are
detected. This is consistent with the inversion symmetry
of the structure, a property that emerges from pairs of AB
stacked layers (and is also present in the bulk material).
In contrast, for AAAA stacking, both even- and odd-order
harmonics are observed. The in-plane sample orientation in
these measurements was aligned to maximize even-order
harmonics for the linearly polarized MIR laser field, which

corresponds to the pump electric field lying along the I’ — K
direction of the crystal thickness [14].

We next discuss how the intensity of each harmonic
order depends on the number of stacked layers. We fabri-
cated samples that consisted of one to four stacked layers,
as shown in Figure 2a. Based on the optical contrast, we
find four regions in our large sample: from the bottom to
the top, a monolayer region, followed by a bilayer, a tri-
layer, and finally a four-layer WS, crystal. Since the spot
size of the laser is much smaller than the lateral size of
the crystal, we can collect HHG spectra as a function of
position across the sample. By integrating over the energy
for each harmonic order, we can generate high-harmonic
maps, as shown in the SI. Figure 2b presents such a map for
the 7th harmonic order, which we use as a representative of
the odd-order response. The intensity is normalized to the
intensity of the monolayer. Here we also observe four differ-
ent regions, in agreement with the contrast optical image.
The normalized intensity is plotted as a function of layer
thickness in Figure 2d. We find that for two layers we obtain
4 times the HH intensity compared with the monolayer, for
3 layers 9 times, and for 4 layers 16 times, i.e., a quadratic
scaling of the harmonic yield with the number of stacked
layers.
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We also analyze the high-harmonic map of the 12th har-
monic order as a representative of even-order harmonics
for the different regions of the sample. First, we note that the
even-order response is predominantly polarized perpendic-
ular to the electric field of the mid-IR pump, which can be
attributed to the valley-contrasting Berry curvature result-
ing from the broken inversion symmetry in the monolayers
[14, 51]. The Berry curvature gives rise to an anomalous Hall
contribution, resulting in even-order harmonics polarized
normally to the pump field. The phase of the even-order
harmonics is determined by the sign of the Berry curvature.
Rotating one layer by 180° flips the sign of the Berry con-
tribution and, thus, the anomalous Hall contribution of this
layer is phase shifted by z. This phase shift causes destruc-
tive interference of even-order harmonics in the case of an
AB-stacked sample, as illustrated schematically in Figure 2g.
In case of the AA-stacked sample, the contributions of the
even-order contribution from both layers are in phase and
interfere constructively (see 2f)

This stacking-dependent interference is observed in
the even-order HH intensity map shown in Figure 2c. In
contrast to the odd-order harmonic response, we find sev-
eral sub-domains in samples of a given layer thickness. For
example, we observe in the bilayer and 4-layer region areas
where no even-order harmonic emission is present, despite
efficient odd-order harmonic generation. Plotting the nor-
malized HH intensity allows us to assign these domains to
different stacking configurations, as indicated in Figure 2e.
For example, the trilayer region labeled as AAB-stacking
matches the intensity of a monolayer, and the 4-layer AAAB
region matches the intensity of a bilayer of AA-stacked
material. We point out that our measurement is not able
to distinguish between AAB stacking and permutations of
this stacking order. For pure AA stacking, we observe that,
just as for the odd-order harmonics, even-order harmonics
scale quadratically with the number of layers, with modest
deviations for the four-layer samples. This analysis shows
that one harmonic order is not sufficient to completely
determine the stacking configuration. For example, one odd-
order harmonic measurement to determine the total num-
ber of layers and one even-order harmonic measurement
to determine the number of AB combinations would be
required to distinguish a monolayer from an AAB-stacked
trilayer or no sample from an AB-stacked bilayer. We note
that the domains with different A/B layer orientations most
likely originate from the cleaving process that precedes
the exfoliation and produces terrace steps with alternating
domain orientation.
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There are a number of physical effects in the mate-
rial that cause the layers to not be fully independent, such
as mutual dielectric screening and exciton binding energy
changes, band hybridization effects, strain fields, and mod-
ulation of the interlayer spacing. Furthermore, absorption
of the driving field and generated high harmonics as well
as phase-matching may result in deviation from an ideal
quadratic scaling.

3 Phase matching and absorption
effects

To understand the deviations from a purely quadratic scal-
ing for HO 12, we plot in Figure 3b the normalized har-
monic yield for all AA-stacking configurations as a function
of the harmonic order. The mean and the error value are
obtained by integrating over the HH counts of different
stacking regions. For photon energies of harmonics above
the bandgap, we note a deviation from perfect quadratic
scaling. We compare the experimental results with expec-
tations for the HHG process allowing for the relative phase
mismatch and attenuation of the pump and different har-
monic orders using the corresponding complex refractive
index. This calculation thus takes into account the absorp-
tion the HH radiation is it propagates through the stacked
sample, as well as the effect of phase mismatch, i.e., the
interference of the HH generated from each layer. We see
that the propagation effects capture the observed deviation
from quadratic scaling quite well for the different harmonic
orders (dashed lines). Simulations for up to 10 stacked lay-
ers for four different harmonic orders are displayed in the
insets of Figure 3c and in Figure 3b, with the red curve
showing quadratic scaling for comparison. We note that
compared to second and third harmonic generation, HH
is also sensitive to the absorption coefficient in a broad
spectral region.

For harmonics below the bandgap, i.e., 5th and 7th har-
monics, the phase mismatch between the harmonic and the
pump beam limits the efficiency, which becomes a promi-
nent effect only for more than 30 layers. Above the bandgap
(~2 eV, ~220 nm) and close to the A-exciton resonances, the
efficiency is mainly limited by absorption, as seen for the
8th and the 12th harmonic, respectively. While the propaga-
tion of the below bandgap harmonics is modulated mainly
by phase mismatch and can reach harmonic enhancement
factors of 100 for 10 stacked layers, the above bandgap har-
monics are absorption limited.
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Figure 3: High-harmonic generation from artificially stacked materials as a function of layer thickness. (a) Imaginary part of the refractive index k of
WS, for in-plane response [52]. (b) Normalized HH intensity as a function of the harmonic order for one layer (A, blue dots), two layers (AA, green dots),
three layers (AAA, orange dots), and four layers (AAAA, red dots). Deviations from a quadratic scaling as a function of AA-stacked layers are mainly
found above HO 10, where the absorption in WS, becomes large. The dashed line is the calculated harmonic efficiency taking both phase-matching
and re-absorption effects into account. (c) The calculated HH intensity for four different harmonic orders as a function of crystal thickness based on
both the real and imaginary refractive indices. Inset: Detail of the prediction from 1to 10 layers. The red line is a reference quadratic variation.

4 Conclusions

In this letter, we have focused on homostructures artifi-
cially stacked in AB and AA configurations, with an angular
alignment accuracy of about 5°. Our result indicates that
despite various complexities in the stacked sample the pre-
dominant effects in the HHG spectrum can be captured by
looking at non-interacting layers. However, a more precise
stacking alignment of the homo- or heterostructures may
allow the creation of atomically thin p—n and Schottky junc-
tions [53, 54] and twisted monolayers with moiré lattices
[55, 56], which may exhibit superconductivity [48], mag-
netism [57], topological edge states [58], and other emergent
properties. Since high-harmonic generation is sensitive to
the crystal structure [21] and the band structure [6], it would
be interesting to use this process as a microscopic probe
of moiré systems. In particular, the electron trajectories in
real space under high-field conditions may be tuned over
distances comparable or longer than the moiré confinement
potential. As an upper boundary we compare the maximum
excursion distance of semi-classical electrons in a solid 7.,
with the period of the moiré superlattice a,,. For example,
for WSe, homobilayers and a twist angle of 3° one obtain
@, = 6 nm [49]. . can be estimated as eEA*/4x2mc?,
where E is the pump electric field strength, A the pump

wavelengths, e the elementary charge, and m* the reduced
electron mass. For WS, (m* = 0.34m, [59]) and, for the laser
parameters in our experiment, we achieve r ,, =4 nm,
which is comparable to a,, and may allow the observation
of moiré effects in twisted homobilayers.

As for future applications of compact high-harmonic
generation sources to obtain short wavelengths emission,
it may be beneficial to work with wide-bandgap monolay-
ers, such as hexagonal boron nitride to avoid re-absorption
effects in thicker samples. In this case, intensity enhance-
ment factors of roughly three orders of magnitude would
be expected before the phase mismatch limits the HHG
efficiency. Furthermore, in the few-layer limit, the high-
harmonic radiation can further be enhanced and shaped
by meta-surfaces [36, 53, 60—62], which may turn artificially
stacked monolayers into an attractive high-harmonic source
for pump-probe experiments with tunable even/odd high
harmonics.

In conclusion, we observed the coherent growth of
high-harmonic generation from individual layers of artifi-
cially stacked monolayers of the van-der-Waals TMDC semi-
conductor WS,. HHG is sensitive to sample domains as
well as to the number of layers and their various stacking
configurations. We use mm-sized flakes that are much big-
ger than typical laser spots, which are on the order of
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100 pm. On the materials side, unlike the conventional
scotch tape exfoliation technique or chemical vapor depo-
sition grown methods, which yield single-crystalline flakes
smaller than 100 pm, here we use gold-assisted exfoliation to
produce mm-sized single-crystalline TMDCs. On the optical
side, we use ultra-short laser pulses in the mid-infrared
wavelength range and therefore can produce a plateau of
harmonics without damaging the sample. In addition, our
results also represent an important step towards designing
efficient and functional high-harmonic sources by artifi-
cially tailoring solid-state materials, with ramifications in
light-field driven electronics.

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.

Research funding: This work was supported by the US
Department of Energy, Office of Science, Basic Energy
Sciences, Chemical Sciences, Geosciences, and Biosciences
Division through the AMOS program. EL. acknowledges
support from a Terman Fellowship and startup funds
from the Department of Chemistry at Stanford University.
Y.K. acknowledges support from the Urbanek-Chorodow
Fellowship from Stanford University and C.H. from the
Humboldt Fellowship and the W. M. Keck Foundation.
Conflict of interest statement: The authors declare no con-
flicts of interest regarding this article.

References

[11 M. Ferray, A. L’Huillier, X. F. Li, L. A. Lompre, G. Mainfray, and
C. Manus, “Multiple-harmonic conversion of 1064 nm radiation in
rare gases,” . Phys. B: At., Mol. Opt. Phys., vol. 21, p. L31, 1988.

[2] A.Rundquist, C. G. Durfee, Z. Chang, et al., “Phase-matched
generation of coherent soft X-rays,” Science, vol. 280, p. 1412, 1998.

[31 M. Lewenstein, P. Balcou, M. Y. Ivanov, A. L’Huillier, and
P. B. Corkum, “Theory of high-harmonic generation by
low-frequency laser fields,” Phys. Rev. A, vol. 49, p. 2117, 1994.

[4] P.B. Corkum and F. Krausz, “Attosecond science,” Nat. Phys., vol. 3,
p. 381, 2007.

[5] S. Ghimire, A. D. DiChiara, E. Sistrunk, P. Agostini, L. F. DiMauro,
and D. A. Reis, “Observation of high-order harmonic generation in
a bulk crystal,” Nat. Phys., vol. 7, p. 138, 2011.

[6] G.Vampa, T. Hammond, N. Thiré, et al., “All-optical reconstruction
of crystal band structure,” Phys. Rev. Lett., vol. 115, p. 193603, 2015.

[71 M. Garg, M. Zhan, T. T. Luu, et al., “Multi-petahertz electronic
metrology,” Nature, vol. 538, p. 359, 2016.

[8] S.Ghimire and D. A. Reis, “High-harmonic generation from solids,”
Nat. Phys., vol. 15, p. 10, 2019.

[9] Y. Bai, F. Fei, S. Wang, et al., “High-harmonic generation from
topological surface states,” Nat. Phys., vol. 17, p. 311, 2020.

[10] E. Goulielmakis and T. Brabec, “High harmonic generation in

condensed matter,” Nat. Photonics, vol. 16, p. 411, 2022.

DE GRUYTER

[11] Z.Chang, L. Fang, V. Fedorov, et al., “Intense infrared lasers for
strong-field science,” Adv. Opt. Photonics, vol. 14, p. 652, 2022.

[12] M. Hohenleutner, F. Langer, O. Schubert, et al., “Real-time
observation of interfering crystal electrons in high-harmonic
generation,” Nature, vol. 523, p. 572, 2015.

[13] G.Vampa,T.). Hammond, N. Thiré, et al., “Linking high harmonics
from gases and solids,” Nature, vol. 522, p. 462, 2015.

[14] H.Liu,Y.Li,Y.S.You,S. Ghimire, T. F. Heinz, and D. A. Reis,
“High-harmonic generation from an atomically thin
semiconductor,” Nat. Phys., vol. 13, p. 262, 2016.

[15] N. Yoshikawa, K. Nagai, K. Uchida, et al., “Interband resonant
high-harmonic generation by valley polarized electron—hole
pairs,” Nat. Commun., vol. 10, pp. 1—7, 2019.

[16] A.].Uzan, G. Orenstein, A. Jiménez-Galan, et al., “Attosecond
spectral singularities in solid-state high-harmonic generation,”
Nat. Photonics, vol. 14, p. 183, 2020.

[17] J.B. Costello, S. D. O’Hara, Q. Wu, et al., “Reconstruction of Bloch
wavefunctions of holes in a semiconductor,” Nature, vol. 599, p. 57,
2021.

[18] L.Yue and M. B. Gaarde, “Introduction to theory of high-harmonic
generation in solids: tutorial,” J. Opt. Soc. Am. B, vol. 39, p. 535, 2022.

[19] A.J.Uzan-Narovlansky, A. Jiménez-Galan, G. Orenstein, et al.,
“Observation of light-driven band structure via multiband
high-harmonic spectroscopy,” Nat. Photonics, vol. 16, p. 428, 2022.

[20] ). Freudenstein, M. Borsch, M. Meierhofer, et al., “Attosecond
clocking of correlations between Bloch electrons,” Nature, vol. 610,
p. 290, 2022.

[21] Y.S.You, D. A. Reis, and S. Ghimire, “Anisotropic high-
harmonic generation in bulk crystals,” Nat. Phys., vol. 13,

p. 345, 2016.

[22] F.Langer, M. Hohenleutner, U. Huttner, S. W. Koch, M. Kira, and
R. Huber, “Symmetry-controlled temporal structure of
high-harmonic carrier fields from a bulk crystal,” Nat. Photonics,
vol. 11, p. 227, 2017.

[23] Z.Nourbakhsh, N. Tancogne-Dejean, H. Merdji, and A. Rubio,
“High harmonics and isolated attosecond pulses from MgO,” Phys.
Rev. Appl., vol. 15, p. 014013, 2021.

[24] C.Heide, Y. Kobayashi, A. C. Johnson, et al., “Probing electron-hole
coherence in strongly driven 2D materials using high-harmonic
generation,” Optica, vol. 9, p. 512, 2022.

[25] A. Schiffrin, T. Paasch-Colberg, N. Karpowicz, et al.,
“Optical-field-induced current in dielectrics,” Nature, vol. 493,

p. 70, 2012.

[26] T.Higuchi, C. Heide, K. Ullmann, H. B. Weber, and P. Hommelhoff,
“Light-field-driven currents in graphene,” Nature, vol. 550, p. 224,
2017.

[27] C.Heide, T. Higuchi, H. B. Weber, and P. Hommelhoff, “Coherent
electron trajectory control in graphene,” Phys. Rev. Lett., vol. 121,

p. 207401, 2018.

[28] O. Neufeld, N. Tancogne-Dejean, U. D. Giovannini, H. Hiibener,
and A. Rubio, “Light-driven extremely nonlinear bulk
photogalvanic currents,” Phys. Rev. Lett., vol. 127, p. 126601, 2021.

[29] C.Heide, T. Eckstein, T. Boolakee, et al., “Electronic coherence and
coherent dephasing in the optical control of electrons in
graphene,” Nano Lett., vol. 21, p. 9403, 2021.

[30] T.Boolakee, C. Heide, A. Garzén-Ramirez, H. B. Weber, I. Franco,
and P. Hommelhoff, “Light-field control of real and virtual charge
carriers,” Nature, vol. 605, p. 251, 2022.



DE GRUYTER

(31]

(32]

[33]

34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

M. Sivis, M. Taucer, G. Vampa, et al., “Tailored semiconductors
for high-harmonic optoelectronics,” Science, vol. 357, p. 303, 2017.
A. Korobenko, S. Rashid, C. Heide, et al., “Generation of structured
coherent extreme ultraviolet beams from an MgO crystal,” Opt.
Express, vol. 29, p. 24161, 2021.

C. P. Schmid, L. Weigl, P. Gréssing, et al., “Tunable non-integer
high-harmonic generation in a topological insulator,” Nature,

vol. 593, p. 385, 2021.

D. Baykusheva, A. Chacén, J. Lu, et al., “All-optical probe of
three-dimensional topological insulators based on high-harmonic
generation by circularly polarized laser fields,” Nano Lett., vol. 21,
p. 8970, 2021.

C. Heide, Y. Kobayashi, D. R. Baykusheva, et al., “Probing
topological phase transitions using high-harmonic generation,”
Nat. Photonics, vol. 16, p. 620, 2022.

H. Liu, G. Vampa, J. L. Zhang, et al., “Beating absorption in
solid-state high harmonics,” Commun. Phys., vol. 3, pp. 1—6, 2020.
J. Liu, E. F. Cunningham, Y. You, D. A. Reis, and S. Ghimire,
“Interferometry of dipole phase in high harmonics from solids,”
Nat. Photonics, vol. 13, p. 96, 2019.

S. Ghimire, A. D. DiChiara, E. Sistrunk, et al., “Generation and
propagation of high-order harmonics in crystals,” Phys. Rev. A,
vol. 85, p. 043836, 2012.

N. Kumar, S. Najmaei, Q. Cui, et al., “Second harmonic microscopy
of monolayer MoS,” Phys. Rev. B, vol. 87, p. 161403(R), 2013.

Y. Li, Y. Rao, K. F. Mak, et al., “Probing symmetry properties of
few-layer MoS2 and h-BN by optical second-harmonic generation,”
Nano Lett., vol. 13, p. 3329, 2013.

C. Janisch, Y. Wang, D. Ma, et al., “Extraordinary second harmonic
generation in tungsten disulfide monolayers,” Sci. Rep., vol. 4,

pp. 1-5, 2014.

W.T. Hsu, Z. A. Zhao, L. J. Li, et al., “Second harmonic generation
from artificially stacked transition metal dichalcogenide twisted
bilayers,” ACS Nano, vol. 8, p. 2951, 2014.

M. Zhao, Z. Ye, R. Suzuki, et al., “Atomically phase-matched
second-harmonic generation in a 2D crystal,” Light: Sci. Appl., vol. 5,
p. 16131, 2016.

Y. Shan, Y. Li, D. Huang, et al., “Stacking symmetry governed
second harmonic generation in graphene trilayers,” Sci. Adv.,

vol. 4, pp. 1-5, 2018.

F. Liu, W. Wu, Y. Bai, et al., “Disassembling 2D van der Waals
crystals into macroscopic monolayers and reassembling into
artificial lattices,” Science, vol. 367, p. 903, 2020.

S. M. Shinde, K. P. Dhakal, X. Chen, et al., “Stacking-controllable
interlayer coupling and symmetric configuration of multilayered
MoS,,” NPG Asia Mater., vol. 10, p. e468, 2018.

K. Yao, N. R. Finney, J. Zhang, et al., “Enhanced tunable second
harmonic generation from twistable interfaces and vertical
superlattices in boron nitride homostructures,” Sci. Adv., vol. 7,
pp. 1—7,2021.

(48]

[49]

[50]

1]

[52]

(53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

C. Heide et al.: HHG from artificially stacked 2D crystals = 261

Y. Cao, V. Fatemi, S. Fang, et al., “Unconventional
superconductivity in magic-angle graphene superlattices,” Nature,
vol. 556, p. 43, 2018.

Z.Zhang, Y. Wang, K. Watanabe, et al., “Flat bands in twisted
bilayer transition metal dichalcogenides,” Nat. Phys., vol. 16,

p. 1093, 2020.

L. M. Malard, T. V. Alencar, A. P. M. Barboza, K. F. Mak, and A. M. de
Paula, “Observation of intense second harmonic generation from
MoS, atomic crystals,” Phys. Rev. B, vol. 87, p. 201401, 2013.

Y. Kobayashi, C. Heide, H. K. Kelardeh, et al., “Polarization flipping
of even-order harmonics in monolayer transition-metal
dichalcogenides,” Ultrafast Sci., vol. 2021, p. 1, 2021.

H. L. Liu, T. Yang, J. H. Chen, et al., “Temperature-dependent
optical constants of monolayer MoS,, MoS,, MoSe,, MoSe,,

WS, WS,, and WSe,, WSe,: spectroscopic ellipsometry and
first-principles calculations,” Sci. Rep., vol. 10, pp. 1—11, 2020.
S.H.Yang, Y.T.Yao, Y. Xu, et al., “Atomically thin van der Waals
tunnel field-effect transistors and its potential for applications,”
Nanotechnology, vol. 30, p. 105201, 2019.

C. Heide, M. Hauck, T. Higuchi, et al., “Attosecond-fast internal
photoemission,” Nat. Photonics, vol. 14, p. 219, 2020.

L. Balents, C. R. Dean, D. K. Efetov, and A. F. Young,
“Superconductivity and strong correlations in moiré flat bands,”
Nat. Phys., vol. 16, p. 725, 2020.

E. Barré, O. Karni, E. Liu, et al., “Optical absorption of interlayer
excitons in transition-metal dichalcogenide heterostructures,”
Science, vol. 376, p. 406, 2022.

A. L. Sharpe, E. J. Fox, A. W. Barnard, et al., “Emergent
ferromagnetism near three-quarters filling in twisted bilayer
graphene,” Science, vol. 365, p. 605, 2019.

S. Huang, K. Kim, D. K. Efimkin, et al., “Topologically protected
helical states in minimally twisted bilayer graphene,” Phys. Rev.
Lett., vol. 121, p. 037702, 2018.

D. Ovchinnikov, A. Allain, Y.-S. Huang, D. Dumcenco, and A. Kis,
“Electrical transport properties of single-layer WS2,” ACS Nano,
vol. 8, pp. 8174—8181, 2014.

G.Vampa, B. G. Ghamsari, S. S. Mousavi, et al.,
“Plasmon-enhanced high-harmonic generation from silicon,” Nat.
Phys., vol. 13, p. 659, 2017.

H. Liu, C. Guo, G. Vampa, et al., “Enhanced high-harmonic
generation from an all-dielectric metasurface,” Nat. Phys., vol. 14,
p. 1006, 2018.

S. A. Jalil, K. M. Awan, I. A. Al, et al., “Controlling the polarization
and phase of high-order harmonics with a plasmonic
metasurface,” Optica, vol. 9, p. 987, 2022.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2022-0595).


https://doi.org/10.1515/nanoph-2022-0595

	1 Introduction
	2 Experimental results
	3 Phase matching and absorption effects
	4 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


