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Abstract

Mott insulators are a unique class of materials whose insulating state originates from strong electron-electron
correlations: the interactions localize charge carriers, and the resulting on-site Coulomb repulsion opens a charge gap,
fundamentally different from conventional insulators, making these systems an exceptional platform for exploring
exotic physical phenomena. Significantly, the interplay between strong correlations and charge transfer not only
stabilizes the antiferromagnetic ground state but also endows the material with enriched properties, particularly in
optics. Herein, we demonstrate a 2D antiferromagnetic charge-transfer Mott insulator, Vanadium Oxychloride (VOCI),
which shows giant third-harmonic generation (THG) anisotropy (omi = i/, where I and [, represent the THG
intensities corresponding to the excitation polarization parallel to crystal’s x- and y-axes), with prg reaching up to 187
at 1280 nm excitation wavelength. Notably, it is the highest THG anisotropic ratio within the van der Waals materials
family. The nonlinear anisotropy is further modulated across a broadband infrared (IR) excitation wavelength range
from 2028 to 1280 nm, during which pryg rises from 2.6 to 187, corresponding to a 72-fold enhancement relative to its
value at 2028 nm. Additionally, VOCI demonstrates layer-independent third-order susceptibilities (x* ~ 1077 m?/V?)
and band structures attributed to its extremely weak interlayer electronic coupling. Moreover, the colossal THG
anisotropic ratio in 2D VOCI can be ascribed to the synergistic effect of the correlated charge-transfer Mott insulator
behavior and intrinsic C3 symmetry breaking, as supported by theoretical calculations. The colossal nonlinear optical
anisotropy in 2D VOCI positions it as an excellent candidate for nanophotonic and optoelectronic applications,
enabling next-generation nanodevices based on 2D correlated Mott insulators.

Introduction

Nonlinear optical processes and their anisotropy are cri-
tical components in advanced optical technologies, serving
as the foundation for the efficiency and capabilities of
modern optics."”” In particular, two-dimensional (2D)
materials’ nonlinear optics and anisotropy open a new
platform for researchers to modulate and manipulate light,
unlocking a broad array of applications in nanoscale
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photonics, such as quantum photonics, on-chip photonics,
ultrafast photonic devices, data security chips, signal pro-
cessors, all-optical switching, and multiplexers.®~"> However,
as the photonic industry rapidly evolves, 2D materials with
strong nonlinear responses and large optical anisotropy are
urgently required to meet the increasing performance
demands of nanophotonic devices.

Notably, Mott insulators exhibit superior nonlinear
optical properties compared to traditional materials,
making them promising candidates in the field of non-
linear optics.'®™"* These materials feature strong electron
correlations that lead to electron localization and a charge
gap arising from intense on-site Coulomb interactions—
distinct from conventional band insulators.””~** This
unique electronic structure results in an interplay across

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Light Sci Appl | 2026 | Vol 15 | Issue 2 | 647 LSA



Duan et al. Light: Science & Applications (2026)15:59

Page 2 of 11

0r £

Metallic state CTMI state Y Y

e Y&Y{» YL Y% YJ} Y}

44444$”
;44444

'B -type

E-E; (eV)

r XxsyYyrzuRTZ

Fig. 1 Crystal structure and synthesis of the 2D semiconductor VOCI. a Schematic of the charge-transfer Mott insulator state using the Hubbard
U treatment, where the parameters A and U indicate the charge-transfer gap and on-site Coulomb interaction, respectively. b Structure of 2D VOCI
along the g-axis. ¢ Atomic-resolution STEM image of exfoliated VOCI flakes viewed along the [001], showing interplanar distances of the (200) and
(020) planes as 0.169 nm and 0.192 nm, respectively. d—f Orbital-projected band structures for V 3d, O 2p, and Cl 3p orbitals
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charge and spin manifolds, making the optical excited
states distinctly different from those in traditional insu-
lators.”* As a result, Mott insulators display a range of
novel phenomena in optical and other related fields.**
Their enhanced nonlinear optical response primarily
stems from the combined effects of electron correlation
and charge transfer.”* Neither factor alone is sufficient to
enhance nonlinear optical effects, however, when both
coexist, the material’s ground state can enter an anti-
ferromagnetic state, while the excited state undergoes
charge transfer, leading to a significant enhancement in
nonlinear optical effects.”*

This study reveals that the 2D charge-transfer Mott
insulator (CTMI), VOCI, shows strong nonlinear optical
process, and giant linear and nonlinear optical anisotropy in
the infrared regime. Because VOCI possesses inversion
symmetry, electric-dipole second-harmonic generation
(SHG) is forbidden,>*® we therefore focus on its THG
response. VOCI exhibits strong third-order susceptibility
x® ~10" m*V? that is independent of layer number,
with its band gap (~2.0eV) displaying a similar character-
istic, which suggests that VOCI has extremely weak inter-
layer electronic coupling. Notably, VOCI nanoflakes exhibit
colossal linear and nonlinear optical anisotropy. The aniso-
tropic ratio for photoluminescence (PL) and THG intensities
reaches up to 6.8 and 187, respectively. Moreover, as the
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excitation wavelength reduces from 2028 to 1280 nm, the
THG anisotropic ratio increases by a factor of 72. As far as
we are aware, the THG anisotropy ratio represents the
highest reported to date, surpassing those observed in other
van der Waals materials. Based on theoretical calculations,
the enormous nonlinear optical anisotropy can be ascribed
to the synergistic effect of the correlated charge transfer in
the Mott insulator state and intrinsic C3 symmetry breaking.
Our research underscores the promise of the 2D anti-
ferromagnetic CTMI VOC], with its strong nonlinear optical
anisotropy, for on-chip nanophotonic devices, while simul-
taneously advancing the development of 2D Mott insulators
in nonlinear optics.

Results
Crystal characterization of VOCI

As previously mentioned, Mott insulators are a class of
materials with exceptional nonlinear optical proper-
ties.'””* Here, density functional theory (DFT)-based
simulations were conducted to investigate the 2D anti-
ferromagnetic semiconductor VOCIL. Its crystal symmetry
is orthorhombic Pmmn (No.59) which lacks C; rotational
symmetry. As shown in Fig. 1b, VOCI displays a layered
structure viewed along the c-axis. In the asymmetric unit,
a V atom binds with two Cl and four O atoms to form
deformed octahedra VO,Cl,, named A-type and B-type
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octahedron (Figs. 1b and S1). Octahedral chains are built
by the A-type (B-type) VO,Cl, octahedrons by sharing Cl
atoms along the b-axis, and the octahedral chains connect
to each other via Cl and O atoms (shared edges in the
octahedron) to form A-type (B-type) octahedral plane
along the g-axis (Figs. 1b and S1). Finally, the monolayer
VOCI is constructed by A-type and B-type octahedral
planes via sharing three O atoms (a plane in the octahe-
dron) along the c-axis (Figs. 1b and S1), resulting in the
puckered configuration of V atoms along the (001)
direction (see Fig. S1). In the DFT calculation process, the
lattice of VOCI parameters were optimized to @ = 3.35 A,
b=3.77 A, and ¢ = 15.79 A. They match the experimental
results (see Figs. S2 and 1c), in which the X-ray diffraction
(XRD) pattern displays d (001) is ~0.791 nm and the
scanning transmission electron microscopy (STEM)
characterization displays the interplanar distances of (200)
and (020) are ~0.169 and 0.192 nm, respectively. Based on
theoretical calculation, VOCI exhibits metallic behavior
with the treat of semilocal functional (Fig. S3), however,
experimentally, it intrinsically shows a semiconductor
band gap of ~2.1 eV (Figure S4). Therefore, VOCI should
be a typical correlated 2D insulator. To fully consider the
strong electron-electron interaction in d-orbitals, an
effective Hubbard on-site energy was adopted to correct
the electronic structure, realizing a Mott transition, as
shown in Fig. 1a. The Hubbard U term is applied to the V
ions, opening a Mott-Hubbard band gap in the V 34
band, with the O 2p and Cl 3p band positioned between
the V 3d orbitals. As shown in Fig. 1d-f, the lowest
conduction band is primarily contributed by V_d,,, while
V_dy, O_px and Cl_p, jointly contribute to the near Eg
valence band. For the topmost valence band, V_d orbital
plays the dominant role in the whole of Brillouin zone.
However, Cl_p, orbitals localize around X and U points
and O_p, orbitals mainly distribute from S to I point and
R to Z point. Then, the charge transfer should mainly
occur between V 3d, O 2p, and Cl 3p orbitals, with a
theoretical band gap of ~ 2.0 eV, matching the experi-
mental observations and previous report.”” Thus,
electronic-structure analysis identifies layered VOCI as a
typical correlated CTMI (see Fig. 1a).

Inspired by the calculations, VOCI crystals with a lateral
size of up to ~15 mm are successfully grown by the che-
mical vapor transport (CVT) approach (Fig. S2 inset).
XRD pattern (Fig. S2) shows its high quality and pure
phase. The X-ray photoelectron spectroscopy (XPS,
Fig. S5) was adopted to quantify elemental ratios of V, O,
and Cl, yielding values of 1.00:0.92:1.05. In addition, XPS
spectra exhibit that V 2p;,, and V 2p3,, are located at 524
and 516 eV, O 15 is positioned at 532 eV, and Cl 2p3/, and
Cl 2p, /5 are found at 199 and 200 eV, respectively. As
shown in Figs. 1c and S6, the STEM images and fast
Fourier-transform (FFT) pattern reveal the orthogonal
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symmetry of VOCI crystals and their high quality. The
simulated STEM image is well fitted to the selected
atomic-resolution STEM image and calculated crystal
model, and all manifest the orthogonal arrangement of V
atoms in the plane of (001). Moreover, the STEM EDX
mapping for the exfoliated nanoflake presents the
homogeneous distribution of V, O, and Cl. The magnetic
characterizations for VOCI crystals are plotted in Fig. S7,
which indicate the in-plane antiferromagnetic behavior
for VOCI with Ty ~79K.*®

THG process in VOCI

Guided by the Mott insulator nature of VOCI, the THG
properties were investigated using a home-built optical
system under transmission configurations (see Fig. 2a and
Method).>*” Fig. 2b shows the THG spectra vs. pump
power under 1558 nm irradiation, giving the THG emis-
sion peak at ~519 nm (A/3). The log-log scaling in Fig. 2¢
gives a slope of ~3, confirming third-order behavior. The
irradiation wavelength significantly influences the THG
intensity in 2D materials. Figure 2d compares spectra of
2D VOCI acquired at identical average power for different
pump wavelengths, revealing a pronounced variation with
pump wavelength and a peak THG response at ~500 nm,
corresponding to ~1500 nm excitation. It agrees with the
absorption peak of VOCI and the theoretically calculated
band gap, suggesting the strong resonance enhancement
driven by interband transitions (see Figs. 2g, S4, and S8).
Furthermore, monolayer VOCI exhibits a moderate third-
order nonlinear susceptibility (x*)) of ~ 1.9 x 107" m?/V?
(Fig. S9), on par with BP?°, graphene®, MoS,, MoSe,,
WS, and MoSe,” (~ 10™** m?*/V?), smaller than PdPSe
(6.2 x 10" m?/V*? Notably, the x® of VOCI remains
nearly unchanged as the thickness increases, indicating
the negligible interlayer coupling in VOCI (Fig. 2e). To
further illustrate the suppressed interlayer interactions in
VOCI, the layer-resolved electronic band structures were
calculated via first-principle methods. As displayed in
Figs. 2f, g, and S8, the band gap remains nearly constant
(~ 2.0 eV) from the monolayer to the bulk®’, in opposition
to the behavior of other 2D materials e.g, PdSe,”",
PtSe,”, PtS,”’, BP’°, where strong interlayer coupling
leads to significant changes in their electronic structures
and band gaps. Additionally, the layer-dependent Raman
spectra show almost no shift in Raman peaks with
increasing thickness (see Fig. S10), further confirming the
weak interlayer electronic coupling in VOCI. This beha-
vior is distinctly different from other 2D materials and can
be attributed to VOCI's unique structural characteristics.
In VOCI’s layered structure (see Fig. 1b), the intralayer
connections are primarily covalent bonds formed by V-O
atoms, creating a puckered 2D framework. The Cl atoms,
which encase the V-O corrugations, become inert after
extracting electrons from V atoms, forming an inert outer
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e Variation of x® with thickness. f Band gap vs. the number of layers in VOCI flakes. g Calculated electronic structures for monolayer (left) and bulk (right) VOCI
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shell that separates the layers and weakens interlayer
interactions. This aligns well with the orbital-projected
band structures, where the 3p orbitals of Cl atoms have
negligible contribution to the valence band maximum
(Fig. 1d-f). Furthermore, it is noteworthy that the near Eg
valence bands of VOCI, spanning from the I'- to Z-points,
are primarily contributed by V 3d, O 2p, and a minor
contribution from Cl 3p orbitals. These regions exhibit
minimal dispersion, namely flat band, caused by highly
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localized in-plane electronic states and weak interlayer
coupling in 2D VOCI. This can be attributed to its unique
2D puckered V-O configuration and the inherent char-
acteristics of a correlated CTML>"*"~%

Colossal THG anisotropy in 2D VOCI

Motivated by electron localization and flat bands arising
from strong electron correlations,”"** along with Cs
symmetry breaking,”” 2D CTMI VOCI is expected to

LSA
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exhibit exceptional optical anisotropy. As shown in
Fig. S11, VOCI displays strong anisotropic linear optical
properties. Its PL peak is located at ~2.15eV, consistent
with the experimental and theoretical band gap
(Figs. S4 and 2f). The polarization-resolved PL was col-
lected using a parallel configuration, namely, the excita-
tion and detection polarizations are parallel, while the
rotation angle 6 varies from 0° to 360° (in the work, all
0=0" means the excitation polarization direction is
aligned with VOCI’s b-axis, see Fig. S12). As shown in Fig.
S11b, angle-dependent PL intensities for exfoliated VOCI
flakes exhibit two-fold symmetry, with the PL intensity
reaching a maximum at 8= 0°. Notably, the anisotropic
ratio of PL intensities is calculated using the equation of
p= m?*, and reaches up to 6.8, surpassing that of many
other 2D materials, such as GaTe (5.0)*}, ReS, (4.3)'>%2,
TiS; (3.2)*%, and GeAs (1.3)'>*%, Figure S11c displays the
angle-dependent reflectance spectra spanning 450-
950 nm, revealing that VOCI flakes have two absorption
peaks located at ~ 565 nm and 818 nm, and two reflec-
tance peaks located at ~680 and 850 nm. The absorption
peak position of 565 nm corresponds to 2.19 eV, slightly
larger than the PL peak of ~2.15 eV. Meanwhile, over 450-
950 nm, the reflectance for b-axis-polarized light is lower
than that for a-axis-polarized light, which suggests that
more photons are absorbed under b-axis-aligned excita-
tion polarization. This is consistent with the polarization-
dependent PL spectra and absorption spectra (Fig. S4a).
Additionally, the polarization-dependent reflectance
intensity at a wavelength of 850 nm is extracted from Fig.
S11c, which shows the typical two-fold symmetry and
suggests strong optical anisotropy with a ratio of ~1.4
(Fig. S11d). Furthermore, angle-resolved polarized Raman
spectra (ARPRS) for 2D VOCI flakes were also collected
under parallel and perpendicular geometry, respectively
(Fig. S13). As shown in Fig. S13, all peaks under the
parallel configuration demonstrate two-fold symmetry.
These polarized linear optical properties indicate the
presence of highly localized valence-band states and the
breaking of C3 symmetry.

Beyond linear optical anisotropy, the anisotropy of THG
was also examined, driven by the highly localized elec-
tronic CTMI states and C; symmetry breaking in 2D
VOCL™ It has a Pmmn (NO.59) space group and mmm
point group, thus THG susceptibility tensor of VOCI can
be expressed as*>*:

3 3 3
X (11) 0 0 0 0 x (16) 0 x (18) 0 0
3 3 3
0 X 0 4w 0 0 0 0 xg oo
3 3 3
0 0 x §3) 0 x gs) 0 X g7> 0 0 0

(3 =

(1)

where the first subscript (1-3) stands for the x (namely, b-
axis in VOCI crystal structure), y (a-axis), and z (c-axis),
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respectively. The second index specifies the term defined
below:

XXX YYY 222 YZZ  YYZ KZZ XXZ XYY XXY XYZ
1 2 3 4 5 6 7 8 9 0

For the incident light, its electric field is given by E=
E.X+ E,y + E,Z Since the sample is pumped in the x-y
plane in our geometry, the z component is neglected, thus
the incident light can be further given by E=
Ey(X cos(0) + ¥ sin(6)), where 6 denotes the polarization
angle (0° along x).

The X(3)—induced polarization component in VOCI is
expressed as:

P X (131) cos*(8) + 3y cos(6)sin*(6)
PO = | PP | = o] | y3sind (6) + 3¢S sin(6)cos’(6)
P 3w) 0

(2)

Thus, the THG intensity resolved into x- and y-polar-
ized components is given by:

139) o (X(ﬁ)cos3(9) + 3)((1?;) cos(6)sin?(8))* (3)

()(22 sin®(6 )+3X29 sin(6)cos”(6))* (4)

The detected total THG intensity should be expressed
as:

[=1,+1, (5)

As shown in Fig. S14, the total THG intensity vs.
polarization angle was explored, revealing giant nonlinear
optical anisotropy with two-fold symmetry. Subsequently,
the polarized THG images were collected without a
polarizer in the detection path. As plotted in Fig. 3a,
under b-axis-aligned pump polarization, the THG signal
reaches its maximum. In contrast, under b-axis-perpen-
dicular polarization, i.e., parallel to the a-axis, the THG
signal is at its lowest intensity. This behavior is consistent
with the polarized PL and reflection polarization mea-
surements. Figure 3b, ¢ plot the x- and y-polarized THG
responses on the incident polarization angle for the VOCI
nanoflake under 1558 nm excitation. Equations (3) and (4)
were used to model the measured results theoretically,
producing good agreement with the data. Thus, the
relative amplitudes of X11, X18, X22, and Xo9 Were extracted
with the ratio of X171 : X1s ¢ X22 @ X2o = 1:0.05:0.02:0.026
based on 2D VOCI with a thickness of ~35 nm. Further-
more, the THG ellipsometry consistently shows a zero
value for the pump polarization angles spanning 0°-90°,
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Fig. 3 Anisotropic THG process in VOCI flakes. a THG mapping for VOCI flakes collected under 1558 nm with parallel (top) and perpendicular
(bottom) geometry. b, ¢ Angle-dependent polarized-THG spectra at 1558 nm. Red (blue) spots represent the x (y)-component of the THG process,
respectively. 0° indicates the direction along the x-axis. The solid lines correspond to theoretical fitting curves, indicating the giant THG anisotropy.
d Polarized x(y)-component THG spectra (I, and /) collected under different excitation wavelength (from left to right: 1280, 1470, 1583, 2082 nm,
respectively). e THG anisotropic ratio as a function of excitation wavelength for a few-layer VOCI flake. The maximum THG anisotropic ratio is ~187
under 1280 nm, the highest reported value. f Comparison of THG anisotropic ratios for VOCI and other materials®'>**™°. The shaded region indicates
that the THG anisotropic ratio is below 10

indicating a linearly polarized THG response (Fig. S15a).
Additionally, the orientation of the THG polarization
aligns well with the incident polarization parallel to x- and
y-axes, respectively (Fig. S15b).

The THG anisotropic ratio pryg is defined by the
equation of pyy- = %, which is proportional to the

2
squared ratio between y;; and x,, (Pryg X (@) ). In

X22
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this equation, I, and I, represent the THG intensities
corresponding to the excitation polarized parallel to x-
and y-axes (namely, VOCl’s b- and a-axes, respectively).
As shown in Fig. 3b, ¢, I, is much larger than I, sug-
gesting a giant THG anisotropic ratio prpg ~43 for
VOCI (~ 35nm) at a 1558 nm excitation wavelength.
According to the anisotropic band dispersion and optical
selection rules (see Fig. 2g), the excitation wavelength is

LSA
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an effective strategy to modulate the THG anisotropic
ratio pryg. Figure 3d demonstrates the THG intensities
of the x- and y-components under selected excitation
wavelengths (1280, 1470, 1583, 2082 nm), implying
effective modulation of pryg by varying the excitation
wavelength. Figure 3e illustrates the dependence of pryg
on the excitation wavelength. It is noteworthy that pryg
reaches a maximum value of ~187 under 1280 nm
excitation, which is, to date, the largest reported value
compared to other materials (see Fig. 3f) observed by far.
This underscores the substantial leverage that the exci-
tation wavelength exerts on pryg, enabling up to a 72-
fold modulation, providing strong support for the
application of 2D VOCI across a broad wavelength
range. Moreover, the pryg behavior can be divided into
two distinct regimes. In phase I (2082nm down to
~1550 nm), ptug gradually increases, whereas in phase
IT (~1550 to 1280 nm), prug rises sharply as the wave-
length decreases. The striking difference in wavelength-
dependent anisotropy between the two phases will be
elucidated in the following theoretical analyses. Addi-
tionally, the thickness dependence of pryg was also
explored under a 1558 nm excitation wavelength (see
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which may be attributed to two factors. First, quantum
confinement in ultrathin VOCI gives rise to more loca-
lized interband transitions concentrated along one in-
plane direction, producing an anisotropic band structure
and high THG anisotropy. As the thickness grows (i.e.,
through interlayer stacking), this confinement dimin-
ishes, broadening the electronic states that shape the
optical response and thereby reducing anisotropy.
Although VOCI exhibits interlayer electronic coupling
(its bandgap and x® remain nearly unchanged with the
thickness), the stacking nonetheless introduces slight
mixing of layer-specific local fields and transitions, gra-
dually enhancing isotropy in thicker samples. In essence,
thicker flakes adopt a more three-dimensional arrange-
ment, creating an “averaged” in-plane optical response
that raises isotropy and thus lowers pryg.

To unveil the underlying mechanism of the high THG
anisotropy observed in the 2D VOCI, we calculated its
THG response using a tight-binding Hamiltonian derived
from DFT wavefunctions. Based on the relationship of
Prre X (@)2, Fig. 4a shows G“)Z for 1L to 4 L and bulk

X22 22

VOCI, where the tendency of the ratio with the excitation

Fig. S16). As the thickness increases, pryg declines, ~Wwavelengths shows a good agreement with our
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Fig. 4 Interpretation of the large in-plane anisotropy of THG in layered VOCI. a (%)

susceptibilities of x;; and x,, components for 1 ~4 layers and bulk VOCI. d The x- and y-component transition dipole moments. The light blue
shaded regions indicate the optical transitions that contribute to the THG around 1200 nm. e The optical transitions contributing to the THG
anisotropic ratio peak located around the X, Y, U and T high symmetry k-point, as indicated by red arrows, and corresponding to the transition vector
labeled in (d). f The ground- and excited-state charge populations on V, O, and Cl atoms

for 1 ~4 layers and bulk VOCI. b, ¢ The THG magnitude
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experimental observations (see Fig. 3e). As excitation
wavelength shortens (but remains in phase I), both x;;
and X, all increase (see Fig. 4b and c), yet their ratio

X22
the weak anisotropy in phase I of Fig. 3e. Here, the third-
harmonic photon energy in phase I (~1.69-2.30eV) lies
below the interband transition, thus unable to trigger
charge transfer from O_p and Cl p to V_d orbitals
(Figs. 1a and d—f), leading to a small pyyg. By contrast, once
the excitation wavelength decreases further (phase II, ~
2.3-3.0eV), xi1 increases rapidly while xy, remains

2
(@) remains modest (only a few to tens), accounting for

2
unchanged or even diminishes, causing (%) to rise
22

sharply and peak around 1200 nm (see Fig. 4a-c). To reveal
the origin of the high THG anisotropy, the transition dipole
moment (TDM) was calculated along a high symmetric k-
point, as shown in Fig. 4d. The optical transitions
demonstrate a large anisotropy between the x and y com-
ponents around the X, Y, U, and T points, marked with
light blue shaded regions. The large and expanded TDM in
the x direction corresponds to the band transitions indi-
cated by red arrows (see Fig. 4e), explaining the swift
increase in pryg during phase II and its peak near 1200 nm.
From the orbital-projected band structure, the transitions
primarily occur from V_d,,, O_p,, Cl_p, orbitals to V_d,,
orbitals (see Fig. 1d—f) (|dy,p,) + |dey,py) — |d)2)),
accompanied by a ~3.0eV charge-transfer gap matching
the THG response at ~1200 nm. Based on the composition
of the orbital-resolved band structure, we define layered
VOCI as a typical CTMI (Fig. 1a), which is regarded as a
potential candidate for generating strong nonlinear optical
responses and significant nonlinear optical anisotropy.”*
To clarify the role of charge transfer in the THG process
and its anisotropy, the charge populations of the ground
state and excited state on each atom were extracted, as
shown in Fig. 4f. An evident decrease in charge population
is observed in the excited state relative to the ground state.
Moreover, the decrease in charge population of the Cl and
O atoms is larger than that of the V atom, signifying a
substantial p — d transfer at resonance energies around
3.0eV, consistent with the slight p-type conductivity in
VOCI revealed by electrical transport measurements (Fig.
S17). Thus, combining the analyses of orbital-resolved
band structures and optical transitions (see Figs. 1d—f and
4d-f), it can be concluded that when the photon energy is
tuned to the scale of the charge-transfer gap, a significant
charge transfer occurs in the excited state between p-
orbitals and d-orbitals, driving a rapid rise and exception-
ally high THG anisotropy near 1200 nm. Excitation-
induced charge transfer preserves the ground-state anti-
ferromagnetic ordering, therefore, the giant THG ratio and
THG response present a strong correlation with such
separate phases.
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Discussion

In brief, we report a 2D CTMI VOCI that exhibits
substantial linear and nonlinear optical anisotropy. First-
principle calculations were applied to demonstrate the
correlated Mott insulator nature for 2D VOCI. The
magnetic properties were measured to emphasize its
antiferromagnetic features. Comprehensive characteriza-
tions were utilized to demonstrate the linear and non-
linear optical properties, illustrating giant anisotropy
ratios in PL and THG, with values of 6.7 and 187,
respectively. It is worth noting that this is the largest THG
anisotropy ratio reported to date. Furthermore, the THG
anisotropic ratio can be significantly enhanced from 2.6 to
187 as the excitation wavelength shifts from 2028 to
1280 nm, resulting in 72 times improvement. The giant,
tunable THG anisotropy of VOCI makes them promising
building blocks for integrated polarization beam splitters,
polarized long-wave upconversion photodetector, and
polarized ultrafast lasers, opening new avenues for next-
generation polarization-engineered nanophotonic devices.
Furthermore, theoretical calculations indicate that the
giant THG anisotropy can be explained by the synergistic
effect of the CTMI behavior and C; symmetry breaking.
Besides, VOCI exhibits extremely weak interlayer cou-
pling, as demonstrated by its thickness-independent band
gap and x®. Taking a broader view, our result provides a
pathway for 2D correlated Mott insulators in nanopho-
tonic and optoelectronic applications.

Materials and methods
Crystal preparation

Bulk crystals VOCl were synthesized via a CVT
approach. A quartz ampoule was loaded with 0.5g of V,
V,0s, and VCl3 powder (molar ratio of 4:3:5), evacuated
to < 10 Pa, flame-sealed, and subsequently positioned in
the center of a horizontal double-zone furnace. Then, the
two ends of the furnace were heated to 850 °C and 950 °C
over 30 hours, respectively. After two weeks, bulk crystals
with a brown color were obtained in the cold zone. The
obtained single crystals were mechanically exfoliated onto
a SiO,/Si substrate (285nm SiO, film), leaving VOCI
nanoflakes with different thicknesses and sizes on the
substrate.

Materials characterization

Powder XRD measurement was performed on a Bruker
D8 Advance powder diffractometer (A =1.5406 A, Cu
—Ka radiation). Elemental analysis of the bulk crystals
was conducted via energy-dispersive X-ray spectroscopy
(EDX, Oxford INCA) integrated into a field emission
scanning electron microscope (FESEM, JEOL JSM-
7600F). XPS measurements were carried out using a
Kratos AXIS Supra equipped with a dual-anode Al-K«
(1486.6 eV) monochromator, and energies were
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referenced to Cls =284.8 eV. AFM imaging was carried
out on an Asylum Research Cypher S and a Veeco
Dimension 3100. The atomic structure of exfoliated VOCI
flakes was recorded using a modified JEOL 2100 F scan-
ning transmission electron microscope (STEM). PL and
Raman spectra were obtained with aid of a WITec
CRM200 confocal system (1, = 532 nm). Absorption was
determined by comparing the transmission through VOCI
flakes with that of a fused silica substrate. Reflection
spectrum was obtained with a Fourier transform spec-
trometer featuring a cooled mercury- cadmium-telluride
(MCT) detector.

THG process measurements

THG process was evaluated by a custom-designed
optical setup capable of operating in both reflective and
transmissive configurations.””’ The nonlinear optical
responses were probed with a femtosecond laser sys-
tem tunable over 650-2600 nm, delivering 250 fs pulses
at 100 kHz repetition rate. The excitation laser was
directed through a neutral density (ND) filter, a
polarizer, a half-wave plate, and a NA 0.45, 50x
objective lens, resulting in a ~3 um focused spot size.
The transmitted laser was obtained by a NA =0.45,
20x objective lens, while a short-pass filter was
employed to suppress the excitation light. The non-
linear optical process was subsequently collected by a
spectrometer equipped with a cooled detector. All
THG process measurements are collected at room
temperature.

First-principles calculations

The simulations of the third harmonic generation
(THG) in layered VOCI were performed using density
functional theory (DFT) coupled to Wannier-based
interpolation. In DFT calculations, a Hubbard correction
of U=4.5eV was adopted to obtain the nature of the
semiconductor for VOCI within the framework of PBE-
GGA functional® implemented in VASP package*”*,
Structural relaxations were deemed converged when the
absolute force value on any atom was < 0.01eV/ A.
optB86b-vdW functional*”” scheme was utilized to
assess van der Waals interlayer interactions. I'-centered
Brillouin-zone samplings of 15 x 15 x 3 (bulk) and 15 x
15 x 1 (layered VOCI) were adopted. The cutoff energy
was set to 500 eV and spin-orbit coupling was included
for all DFT calculations. Using maximally localized
Wannier functions, the tight-binding Hamiltonian was
constructed using Wannier90 package®' to reproduce the
band structure of DFT.

Based on the constructed tight-binding Hamiltonian,
the calculations of third-order optical response were
implemented in ERETCAD package. Nonlinear
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susceptibility (y®)) is composed of interband contribution
()(/9) and intraband contribution ()(,(,3) )>%:

3) =,

x® =xP +x% (6)

Alternatively, the interband contribution is described as:
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The intraband contribution is described as:
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whereC = e3K /h*m with K accounting for the usual factors,
r is the position operator, w,, is the frequency offset
between bands m and #, and f denotes the Fermi-Dirac
distribution. Furthermore, the optical transition dipole
moment is evaluated from the constructed wavefunctions,

M,y = o lelys) = [ v, (9)

where y, and y, are the wavefunctions of eigenstates E,
and E,, respectively.
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