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ABSTRACT: Layered metal thio- and selenophosphates (MTPs)
are a family of van der Waals gapped materials that exhibit a
multitude of functionalities in terms of magnetic, ferroelectric, and
optical properties. Despite the recent progress in terms of
understanding the material properties of these compounds, the
potential of MTPs as a material class yet needs further scrutiny,
especially in terms of nonlinear optical properties. Recent reports
of efficient low-order harmonic generation and extremely high
third-order nonlinear optical properties in MTPs suggest the
potential application of these materials in integrated nano-
photonics. In this article, we investigate the high-order nonlinear
response of bulk and exfoliated thin-film crystals of copper indium

W\

thiophosphate (CIPS) to intense mid-infrared fields through experimental and computational studies of high-order harmonic
generation (HHG). From a driving laser source with a 3.2 ym wavelength, we generate odd and even harmonics up to the 10th
order, exceeding the bandgap of the material. We note conversion efficiencies as high as 1077 measured for the fifth and seventh
harmonics and observe that the harmonic intensities follow a power law scaling with the driving laser intensity, suggesting a

perturbative nonlinear optical origin of the observed harmonics

for both bulk and thin flakes. Furthermore, first-principles

calculations suggest that the generation of the highest harmonic orders results from electron—electron interactions, suggesting a
correlation-mediated enhancement of the high-order optical nonlinearity.

Bl INTRODUCTION

The strong-field nonlinear response of a material under the
influence of an intense, low-frequency femtosecond laser field
is progressively being exploited for the high-order harmonic
generation (HHG) of coherent high-frequency light. HHG
harnesses the electron dynamics driven by intense, low-
frequency driving lasers to produce high-energy photons which
can be applied for time-resolved spectroscopy, metrology, or
imaging applications.' As the emission of HHG from solids is a
consequence of microscopic laser-driven currents, the same
physics can be harnessed for the development of lightwave
electronics devices operating at optical frequencies.””

HHG and other strong-field processes have been well
studied in atomic and molecular gases.* More recently, long-
wavelength driving laser fields in the mid-infrared spectral
region have enabled the experimental observation of HHG
from solid-state samples."”>® The advancement of high-order
harmonic spectroscopy and the application of intense, low-
frequency fields in novel optoelectronic devices necessitate the
exploration of new nonlinear optical (NLO) materials with
optical and chemical stability to generate coherent short-
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wavelength light sources and to convert long-wavelength laser
light into petahertz-frequency electronic signals. Conventional
nonlinear photonic devices which are based on bulk lithium
niobate (LiNbO;) and barium titanate (BaTiO;) pose
limitations such as low nonlinear susceptibility and phase
matching issues which make them ill-suited for future
nonlinear photonic devices.” While HHG in solids stems
from a weaker polarization response than low-order non-
linearities, it is a near-universal phenomenon that can be
realized in a wide array of material systems without phase
matching, and therefore, it may be leveraged for novel
nanophotonic devices if suitable materials with high conversion
efficiency can be found.

Received: April 2, 2024
August 12, 2024
Accepted: August 13, 2024

Published: August 22, 2024

Revised:

https://doi.org/10.1021/jacs.4c04515
J. Am. Chem. Soc. 2024, 146, 24288—24295


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aamir+Mushtaq"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Troie+Journigan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Volodymyr+Turkowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+Siebenaller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dylan+A.+Jeff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tran-Chau+Truong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tran-Chau+Truong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+Yaseen+Noor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dipendra+Khatri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Lantigua"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kamal+Harrison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saiful+I.+Khondaker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saiful+I.+Khondaker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emmanuel+Rowe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+T.+Goldstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+A.+Susner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enam+Chowdhury"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Chini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Chini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c04515&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c04515?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c04515?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c04515?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c04515?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c04515?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/146/35?ref=pdf
https://pubs.acs.org/toc/jacsat/146/35?ref=pdf
https://pubs.acs.org/toc/jacsat/146/35?ref=pdf
https://pubs.acs.org/toc/jacsat/146/35?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c04515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

Spec,
Pect, Omefe,.

N

H

7

000,

Figure 1. (a) Optical image of as-grown CIPS crystal. (b) Mechanically exfoliated CIPS flakes. (c) AFM image of the marked region with the inset
showing the height profile of exfoliated CIPS obtained from the marked region. (d) Cartoon depicting experimental setup used for HHG in CIPS.

Recently, two-dimensional (2D) layered materials beyond
graphene have emerged as ideal candidates for photonic
devices based on their observed extraordinary nonlinear light—
matter interactions,”® thus enabling several fundamental
discoveries in nonlinear optics.” Compared to graphene and
transition metal dichalcogenides like MoS, and WSe,, layered
quaternary metal thio- and selenophosphates (MTPs) are
newcomers to this field.” This class of exotic materials has a
general compositional scheme of A"*M*'[P,X,]*~ where A =
Li, Cu, or Ag; M = A], Sc, In, Cr, V, Bj, etc,, and X is the
chalcogenide element (S or Se). MTPs are made of vertically
stacked layers which are held together via weak van der Waals
interactions. MTPs are considered as structural analogues of
metal dichalcogenides in which 1/3 of the metal atoms are
substituted by a diphosphorous entity that covalently bind six
adjacent chalcogen atoms into the anionic [P,X4]*~ subgroup.
This unit is then charge balanced against the positive charge
carried by the metal cations, thus creating a unique mixture of
ionic, covalent, and van der Waals bonding in these materials.”
Among MTPs, copper indium thiophosphate, CulnP,S4
(CIPS), is one of the representative materials that has gained
much recent interest due to its chemical stability, room-
temperature ferroelectricity, and spontaneous polarization.'’
These properties have made CIPS an appealing candidate for
MTP-based optoelectronics. Recent reports on CIPS and Cu-
deficient CIPS suggested that CIPS possess outstanding third-
order nonlinearity, as evidenced by strong two photon
absorption (2PA) and nonlinear refractive index.'”'” It has
been inferred that the 2PA coefficient of CIPS is comparable to
or higher than that of most conventional semiconductors and
NLO crystals like KTiOPO,.'"'* Furthermore, there are
multiple reports on extraordinary second-order nonlinear
properties of CIPS. Lu et al. and co-workers observed that
local strain-induced nanoengineering of CIPS results in an
~160-fold increase in the efficiency of second harmonic
generation (SHG) compared to an unstrained sample, which
could make them ideal for flexible optoelectronics applica-
tions."* Analogously, silver indium thiophosphate (AgInP,S)
nanosheets exhibit layer-dependent SHG.'* It is interesting to

note that bulk crystalline AgInP,Ss has inversion symmetry,
whereas CulnP,S4 bulk crystals are noncentrosymmetric.
Therefore, one can expect the generation of even and odd
harmonics in CIPS irrespective of the number of layers
present.

Here, we demonstrate the efficient generation of high-order
harmonics up to the 10th harmonic order from bulk and thin
flakes of the van der Waal layered crystal CIPS using
femtosecond mid-infrared laser pulses, without damaging the
sample. Through a comparison of HHG from bulk crystals and
exfoliated flakes, we show the important role played by
reabsorption of the generated harmonics in determining the
overall efficiency and find that the generated harmonics are
consistent with a strong high-order perturbative nonlinear
response. First-principles calculations of the laser-driven
polarization currents in CIPS suggest that the strong
nonlinearity originates from electron—electron correlations,
marking the first observation of a correlation-mediated
enhancement of HHG to the best of our knowledge. Since
CIPS and other MTPs combine the advantages of three-
dimensional (3D) and 2D materials, such as strong optical
absorption in bulk crystals and low-dimensional enhancement
of electronic interactions and optical nonlinearity, our results
signify the potential for new approaches to materials design for
optoelectronics, with the goal of generating efficient high-order
nonlinear responses from layered solid-state materials to realize
lightwave-driven electronics.

B RESULTS AND DISCUSSION
Synthesis of CIPS Single Crystal. CIPS single crystals

were synthesized using the general procedures outlined in refs
1S and 16. Briefly, we utilized a self-flux growth technique
where P,S; was the flux. The precursor P,S (prepared at 300
°C in an evacuated fused silica ampule for 12 h from Alfa Aesar
Puratronic elements, >99.999% purity) was combined with Cu
(Alfa Aesar Puratronic, 99.999% purity, further reduced in H,)
and In (Alfa Aesar, 99.999% purity) in the ratio Cu/In/P,S;
1:1:3 in 2 mL Al,O; crucibles. The crucibles were arranged in a
standard flux growth configuration, with the growth crucible
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Figure 2. (a) HHG spectrum acquired from bulk and exfoliated CIPS with a driving laser wavelength of 3.2 ym at 1.6 and 0.9 TW/cm?,
respectively. (b) Polar plot depicting the polarization dependence of odd (fifth) and even (sixth) harmonics from a bulk CIPS.

on the bottom and an inverted crucible placed directly on top
to catch any unreacted flux during centrifugation. We then
sealed these crucibles in a fused silica ampule under ~250 Torr
of Ar, heated them slowly to 650 °C, held them at that
temperature for 36 h, and cooled them at a rate of 1.8 °C/h to
350 °C, where they were centrifuged to decant the flux. We
then placed the ampule, upside-down, in the furnace at 350 °C
and cooled it to room temperature at a rate of 10 °C/h.
Sample compositions were determined by subjecting 3 distinct
single-crystal specimens to multiple-spot scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM/EDS)
analysis (i.e.,,12 spots total) using a Thermo Scientific UltraDry
EDS spectrometer joined with a JEOL JSM-6060 SEM. The
EDS composition was found to be CulnP,Ss, within
experimental error. We also collected powder X-ray diffraction
(XRD) data of the (00!) face of the crystal using a Bruker D8
DISCOVER DAVINCI system with Co Ka radiation (4 =
178897 A) at room temperature. We used FullProf'’ to
determine the layer spacing (defined as the sum of one lamella
and one van der Waals gap) by setting the monoclinic angle to
90° and not refining the a or b lattice parameters.'*™>

The as-grown CIPS crystal and mechanically exfoliated CIPS
flakes (using the Scotch-tape method) are shown in Figure
la,b, respectively. The bulk crystal used in the HHG
experiments had a thickness of approximately 140 pm, as
shown in Supporting Figure Sla. Our atomic force microscopy
(AFM) analysis, shown in Figure Ic, indicates that the
thickness of the exfoliated CIPS is approximately 180 nm, and
the sample therefore contains hundreds of monolayers. The
bulk CIPS crystal (Figure la) exhibits a nearly hexagonal
growth pattern, as is common in MTP crystal growth.
Additional characterization performed on the CIPS crystals
used in experiments, including X-ray diffraction and photo-
luminescence (PL) measurements, indicate a high-purity
crystal with monoclinic symmetry. These measurements are
shown in Figure Slb,c and are consistent with prior
characterization of CIPS crystals produced by the same
group, indicating a phase-pure material.””*!

Higher Harmonic Generation from CIPS. For studies of
high-order harmonic generation (HHG) in CIPS, we focused
intense mid-infrared femtosecond laser pulses onto the sample
and detected the harmonics in transmission geometry, as
shown schematically in Figure 1d. Mid-infrared pulses were
produced by a two-stage optical parametric amplifier (OPA,
Light Conversion ORPHEUS-ONE), which was pumped by a
Yb:KGW amplifier (KGW, potassium gadolinium tungstate;
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Light Conversion Carbide). The OPA idler is tunable from 2.2
to 4.5 ym, and ~10 pJ, 90 fs pulses at the central wavelength of
3.2 ym were selected for the present experiments. The linearly
polarized OPA output beam was focused onto the sample
using a 10 cm focal length lens, resulting in a beam waist
(diameter) of approximately 60 ym and a peak intensity of up
to 7 TW/cm?. The harmonics emitted from the sample were
collected in a transmission geometry and focused onto the
entrance slit of a high-resolution UV/vis spectrometer (Ocean
Optics HR2000+ES) to record the spectrum. For exfoliated
samples, the crystals were supported on the entrance plane of a
c-plane AlL,O; substrate with a 100 pm thickness. No
harmonics were observed from the Al,O; substrate alone at
the intensities used in the experiments.

Figure 2a (Supporting Information, Figure S1d) shows the
harmonic spectra acquired from the bulk and exfoliated CIPS
crystals on a logarithmic intensity scale. We observe distinct
harmonic peaks, corresponding to even and odd harmonics
ranging from the Sth harmonic order (1.96 eV) to the 10th
harmonic order (3.81 eV). In comparison to the exfoliated
samples, the bulk crystal exhibits broader harmonic peaks that
are shifted toward the high-frequency side of the spectrum,
which can be attributed to nonlinear propagation and blue-
shifting of the driving laser in the bulk medium.

The spectra from both samples consist of strong odd and
weak even harmonic orders. Due to its noncentrosymmetric
space group Cc at room temperature, the generation of even
harmonics in CIPS is expected to occur for driving laser
polarization along the crystal’s c-axis.”> To validate this, we
performed polarization-dependent measurements of HHG on
the bulk (Figure 2b) and exfoliated (Supporting Information,
Figure S2) crystals, in which the harmonic spectrum was
measured for different driving laser polarizations with respect
to the crystal axes. It can be seen clearly that the fifth harmonic
exhibits a 4-fold symmetry, whereas the sixth harmonic has two
symmetric lobes at 0 and 180° corresponding to laser
polarization along the c-axis. There is a weak remnant signal
from the sixth harmonic at 90° which could be due to
birefringence in the bulk medium, imperfect alignment of the
sample surface normal with respect to the driving laser
propagation direction, or cascaded low-order nonlinear
processes.

Next, we recorded the intensity dependence for harmonics
generated in both the bulk and exfoliated samples by varying
the intensity of the driving laser, the expected scaling behavior
with the best fit obtained is shown in Figure 3a. To investigate
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Figure 3. (a) Intensity dependence of the harmonic yield from bulk (filled squares) and exfoliated (empty circles) CIPS samples, along with power
law scaling curves. The error bars are primarily determined by variation in the measurements of the driving laser pulse energy. (b) Measured
conversion efficiencies of different harmonics obtained from bulk and exfoliated flakes of CIPS. Conversion efficiency as high as 107 is obtained for
the fifth and seventh harmonics generated in the exfoliated sample, while even stronger harmonic generation is observed from the bulk sample.

Table 1. Comparison of the Conversion Efficiency of HHG with Different Materials

sample
ZnO crystal (thickness 300 ym)
GaP metasurface (thickness 400 nm)
CdTe crystal (thickness 1 mm)
monolayer MoS, (thickness 0.65 nm)
periodically poled LiNbO; waveguide
CulnP,S¢ bulk (143 ym) and thin flakes (180 nm)

conversion efficiency
107°~1077 (11th to 17th harmonic)
2 x 107 (7th harmonic)
2.3 X 107° (5th to 8th harmonic)
107" (5th and 7th harmonic)
107¢ (5th harmonic at low power)
1077 (5th harmonic)

type of process  mechanism of HHG reference
HHG nonperturbative 23
HHG perturbative 25
HHG nonperturbative 26
HHG nonperturbative 27,28
HHG perturbative 29
HHG perturbative present work

the scaling, we have performed power law fits to the
experimental data, excluding the last data point from the fits
for all but the ninth harmonic of the bulk sample to avoid
discrepancies due to the saturation of several harmonic orders
at the highest driving intensity. These measurements reveal
two interesting features. First, we find that, while both the bulk
and exfoliated crystals generate harmonics with similar
strengths, harmonics are generated from the exfoliated sample
with lower driving laser intensity. Second, the harmonics from
both samples scale follow a power law scaling with the driving
laser intensity. It is well known that harmonics generated in the
perturbative regime of nonlinear optics obey the intensity
scaling law I, o If, where I, and I, are the intensities of the
driving laser and harmonic fields, respectively, and ¢ is the
harmonic order. Harmonic generation via nonperturbative
processes™ or cascaded nonlinearity”* can lead to deviations
from the power law intensity scaling. Based on the good
agreement with the perturbative scaling shown in Figure 3a, we
infer that harmonics are generated from both the bulk and
exfoliated crystals in the perturbative regime and that cascaded
nonlinearities do not play a substantial role.

Some deviations of the experimental data from the
perturbative scaling are observed. At the lowest driving laser
intensities, the nonlinear signal strength is very weak, and
therefore, it is subject to measurement noise. Both additive and
shot noises can cause deviations from the expected power law
behavior. Importantly, these data points introduce only a small
uncertainty in the least-squares fitting, as the deviations of the
experimental data from the fitting function are small on an
absolute scale. At the highest intensities studied, saturation of
the harmonics could indicate a transition from the perturbative
to nonperturbative regime, or it could indicate that self-action
effects on the driving pulse become important at these
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intensities. Finally, increasing the intensity beyond 1.6 TW/
cm? for bulk CIPS results in the irreversible disappearance of
the harmonic spectrum due to crystal damage. A quantitative
understanding of these deviations of the experimental data
from the perturbative response, and their physical origin,
would benefit further understanding of the HHG response
from layered materials but is beyond the scope of this paper.
Finally, we directly measured the conversion efficiency (for
details of the measurement, see the Supporting Information,
Section 3) of each harmonic using a calibrated Si photodiode
that is unresponsive to the mid-IR driving laser. As shown in
Figure 3b, we observed conversion efficiencies as high as 1077
for the fifth and seventh harmonics in the exfoliated samples.
For the bulk sample, the conversion efficiencies for the fifth
and seventh harmonics are modestly lower, suggesting that
strong reabsorption of HHG in the bulk medium restricts the
observation of near- and above-gap harmonics to only those
generated very close to the exit plane of the crystal, as is
expected for above-bandgap harmonics. This is consistent with
the photoluminescence (PL) measurement (shown in
Supporting Information, Figure Slc), which suggests the
presence of below-gap defect states that can absorb light in the
vicinity of the fifth harmonic. We note that these defects
mainly consist of stacking faults and the presence of vacant
sites, which are common in van der Waals gapped materials.
The measured conversion efficiencies are consistent with our
group’s prior measurements of high-order harmonic generation
in bulk materials,” but are significantly higher than what we
have observed for harmonic generation from nonphase
matched perturbative nonlinear processes.”> A detailed
comparison of the conversion efficiencies of HHG from
different materials, along with the observed nonlinear scaling
behavior, is given in Table 1. From the table, we infer that
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Figure 4. (a) Density of states (DOS) of CIPS obtained with DFT calculations. Orbital-resolved DOS are given in the Supporting Information. (b)
The HHG spectrum of CIPS obtained with no electron—electron interaction. (¢, d) The HHG spectrum of CulnP,S, obtained at different
strengths of the electron—electron interaction. In (d), the inset shows the suppression of HHG emission in the vicinity of the eighth harmonic and

enhancement in the vicinity of the ninth harmonic.

HHG conversion efficiency of CIPS is comparable to
nonperturbative HHG efficiencies reported in the literature
but can be obtained at several times lower peak intensity and
that the conversion efficiency is orders of magnitude higher
than what has been observed in perturbative high-order
harmonic generation. The latter observation is suggestive of
extraordinary fifth- and seventh-order optical nonlinearity in
CIPS.

Theoretical Analysis. We next investigated the origin of
the extraordinary nonlinear response of CIPS through time-
dependent density functional theory (TDDFT) calculations,
which included the effects of electron correlations. First, the
static properties of the system were calculated from DFT by
using the plane-wave and pseudopotential methods as
implemented in the Quantum Espresso package.”’ The
exchange and correlation effects were taken into account
with the local density approximation (LDA) in the form of
Perdew—Zunger (PZ),”" and we used projector augmented
wave (PAW) pseudopotentials to describe the core—valence
interactions. The side and top views of the used CIPS unit cell
are shown in Supporting Figure S3.

We described the valence wave functions and the electron
density by plane-wave basis sets with kinetic energy cutoffs of
70 and 280 Ry, respectively. We sampled the first Brillouin
zone with a 5 X § X 5 Monkhorst—Pack grid and optimized
atomic positions and lattice parameters, until the residual
forces converged to less than 0.01 €V/A. We would like to note
that the used k-point mesh is ~2 times larger in “4” direction,
compared to the other two directions. To make the mesh
almost homogeneous, one needs to use 100% more k-points,
which would significantly slow down the calculations. Although
the momentum steps in all directions are rather small, the used
inhomogeneous mesh gives accurate results. In the TDDFT
calculations, the DFT bandgap of 1.4 eV was shifted to the
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experimental value of 2.7 eV.'” The TDDFT analysis was
performed by using the DMFT XC kernel obtained from the
solution of the effective Hubbard model.”*** It is important to
emphasize that the Coulomb repulsion for the s- and p-states is
an order of magnitude smaller than for d-states and usually
plays a minor role. We used the DFT spectrum as an
approximation for the “free-electron” system. The correlation
effects were included only in the analysis of the dynamics of
the system, i.e., the electrons experience Coulomb repulsion
where they meet on d-orbitals of Cu atoms. Thus, it is assumed
that an electron that arrives on the already occupied Cu(-d)
site has energy larger by the value of the local Coulomb
repulsion U. The main effect of U correction in the static
calculations would be a shift of the value of the bandgap, and
we already indirectly included this effect by shifting the gap to
the experimental value. The DFT density of states is shown in
Figure 4a. For further details of the approach, we refer the
reader to ref 34.

TDDFT Calculations, Electron—Electron Interactions,
and the HHG Spectrum. Since the correlated d-orbitals of
the Cu atoms give a major contribution to the states at the top
valence bands, correlation effects are expected to play an
important role in the response of the system (see Supporting
Information, Figures S4—S7), and the generation of odd
seventh and ninth harmonics can be attributed to correlated
Cu d-orbital holes. It follows from our calculations (Supporting
Information, Figures S4 and SS) that the d-orbital DOS in the
valence band for the In atoms is 2 orders of magnitude smaller
than for the Cu atoms. Therefore, we did not take into account
the correlation effects for the In d states. It must be noted that
in addition to the band structure, the quasi-particle wave
functions can also define the nonlinear response of materials.
However, early studies (by Levine et al.) show that there is no
significant difference between the LDA and gravitational wave
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(GW) functions for bulk systems.”> Similarly, the wave
functions for bulk materials are often similar in the DFT and
DFT+U cases. However, in the case of lower dimensions, like
in the studied layered system, this problem requires a separate
analysis. In the TDDFT calculations, we used six bands (one
valence and five conduction bands which are closely spaced in
energy), and the laser pulse was modeled by a truncated cosine
function given as

M] cos(wo(t — 7))

E(t) = Eo cos’
ZTP

when (t — TC>2|t -1l <7,

with the parameters @, = 0.38 eV, E, = 0.1 eV/A and pulse
duration 7 = 86 fs (64 fs fwhm). In calculations of the HHG
spectrum with TDDFT, we have included effects of local-in-
space (on-site) electron—electron interactions described by
strength G, that has ab initio value 0.024 1/A3. The results for
the HHG spectrum at different strengths of the electron—
electron interactions are shown in Figure 4b—d. As follows
from these figures, the dominating fifth harmonic is present in
all cases, including the case of no interaction. Thus, it must be
generated by nonlinear processes that do not rely on
correlations. As the strength of the interaction increases, the
system starts to generate well-pronounced peaks near sixth,
seventh, and ninth harmonic energies, in good agreement with
the experimental data. As in previous studies of HHG using
TDDFT, the emission spectra do not show clear peaks at
harmonic multiples of the driving laser frequency.’® However,
we have verified through simulations with different driving
laser frequencies that the observed spectra do correspond to
HHG (see Supporting Information, Figure S8a), and therefore
comparisons between the experiments and simulations can still
be made based on the spectral intensities in certain spectral
regions. As the strength of the interaction increases, the
spectral weight shifts toward higher frequencies, and spectral
features emerge that agree qualitatively with the experimentally
measured spectra. The shift of spectral weight toward higher
harmonic orders, and the enhancement of odd orders relative
to even can be directly related to electron—electron
interactions, since the Coulomb interaction part in the
density-matrix TDDFT equation is proportional to the product
of three (odd number) polarization functions. More generally,
prior studies of HHG within the Mott—Hubbard model®” and
dynamical mean-field theory™* have also shown shifts in the
spectral weight of the high-order harmonic spectrum toward
higher frequencies with increased correlation strength. While
previous experimental studies have demonstrated correlation-
mediated enhancements in low-order optical nonlinearities,*®
to our knowledge, this is the first experimental observation of a
similar enhancement in high-order nonlinearity.

B CONCLUSIONS

In conclusion, we demonstrate, both experimentally and
theoretically, the generation of higher harmonics in bulk and
thin flakes of the layered copper indium thiophosphate crystal.
When driving the material with femtosecond mid-infrared laser
pulses, high-order nonlinear response and optical emission up
to the 10th harmonic order was observed. The conversion
efficiency of HHG from CIPS is similar to that from more
commonly used crystals, and due to its layered van der Waals
structure, CIPS appears promising as a platform for
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applications of strong-field nonlinear optics in the 2D limit.
Furthermore, first-principles calculations of the microscopic
currents responsible for HHG reveal that the observation of
high-order harmonic orders may be linked to electron—
electron interactions. These findings may aid in the exploration
of novel nonlinear optical materials and nanophotonics
platforms for efficient frequency conversion and lightwave
electronics.
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