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Layered Nb;MX; (M = Se, S, Te; X = I, Br) compounds with a noncentrosymmetric kagome lattice structure
constitute a promising candidate for exhibiting optical anisotropy and nonlinearity. Nevertheless, there has been
limited research on their nonlinear optical properties both theoretically and experimentally. In this paper, we
systematically study the linear and nonlinear optical responses of the bulk Nb;MX; (M = Se, S, Te; X =1, Br)
family. Previously, two distinct stacking sequences (i.e., AA and AB stacking) in NbsM X; compounds had been
identified in experiments. Therefore, the influence of the stacking sequence and the isoelectronic substitution
on the linear and nonlinear optical response of the Nb;MX; compounds are investigated. It reveals that all
four materials (AB-Nb;Tel;, AA-Nb;Tel;, AB-NbsSel;, and AA-Nb;SBr;) exhibit significant second-harmonic
generation and linear electro-optic effects. Notably, the second-harmonic generation coefficient ( XZ(ZZZ)) of AB-
Nb;Tel; reaches 3081 pm/V at 0.91 eV, which is nearly 14 times as large as that of the known nonlinear optical
material GaN. Furthermore, AB-Nbs;Tel; exhibits a large linear electro-optic coefficient r,,,(0) of 5.94 pm/V,
which outperforms that of GaN by almost tenfold. The prominent nonlinear optical responses observed in the
Nb;3;MX; compounds are attributed to the intralayer directional covalent bonding. Our findings indicate that the

Nb;M X; materials would have potential applications in nonlinear optical and linear electro-optic devices.

DOI: 10.1103/PhysRevB.109.115118

I. INTRODUCTION

Nonlinear optical (NLO) responses, which originate in in-
tense optical field-matter interactions, constitute an effective
method to modulate the frequency and amplitude of incident
electro-magnetic waves [1,2]. Franken and his co-workers’
seminal work in 1961, which demonstrated the second-
harmonic generation (SHG) experimentally for the first time,
is widely regarded as the advent of modern nonlinear op-
tics [3]. Theoretical investigations of SHG in semiconductors
were promoted by the pioneering work of Sipe and Pedersen
and their coworkers [4-7]. Since then, extensive efforts have
been dedicated to exploring SHG in bulk semiconductors
[8-12] and two-dimensional [13-17] and one-dimensional
materials [18-20]. The process of SHG is known for its
remarkable efficiency, as it can achieve near-complete con-
version of the incident beam’s power at frequency w into
radiation at the second-harmonic frequency 2w, given the ap-
propriate experimental conditions. Therefore, SHG materials
exhibit great potential for applications in lasers and frequency
converters [21-23]. Another second-order NLO phenomenon
is the linear electro-optical (LEO) effect, which measures the
changes of refractive index (A n) induced by an electric field
in a medium. By controlling the electric signals, the LEO
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effect enables the manipulation of the amplitude, phase, and
propagation direction of optical beams in NLO materials [24].

Recent years have witnessed a growing interest in second-
order NLO research of two-dimensional (2D) layered materi-
als, especially the transition metal dichalcogenides (TMDCs).
The SHG in MoS,, a representative of TMDCs, has been
extensively studied both experimentally and theoretically
[25-29]. These studies have revealed that the SHG coef-
ficients of monolayer MoS, can reach magnitudes on the
order of 1000 pm/V [25,26,29], a significant enhancement
compared to the value of ~0.01 pm/V [28] for bulk MoS,.
Further investigations have been extended to other MX, (M
= Mo, W; X = S, Se, Te) [30-33]. Similar layer-dependent
behavior in SHG has been observed in these 2D hexagonal
TMDCs, where giant SHG signals are present in odd layers
due to broken symmetry, while SHG is vanished in even layers
with restored inversion symmetry. An intriguing study by Guo
et al. [34] demonstrated that 2D pentagonal PdX, (X = S, Se)
also exhibit layer-dependent SHG, with SHG observed in even
layers. This is attributed to the noncentrosymmetric nature of
even-layer PdXj, in contrast to the centrosymmetric odd-layer
PdX,. While significant SHG effects are found in odd layers
of hexagonal TMDCs or even layers of pentagonal TMDC:s,
their bulk counterparts do not display notable nonlinear opti-
cal (NLO) responses due to the recovery of spatial inversion
symmetry in the bulk phases.

In contrast, the layered kagome semiconductors may be
noncentrosymmetric even in their bulk form [35-37]. Since

©2024 American Physical Society
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their discovery, kagome semiconductors have attracted con-
siderable attention due to their unique properties, such as a
high degree of anisotropy, broken inversion symmetry, and
topological flat bands [35,36,38]. The kagome semiconductor
Nbslg has a layered Cdl, structure, with Nb atoms occupying
triangles capped by I ions. Substituting the lower electroneg-
ativity chalcogen ions (S, Se, Te) for the electron-deficient
capping I ions produces NbsM1; (M = S, Se, Te), which
enlarges the dipole moments with respect to Nbsl in the
NbsX tetrahedra. This leads to the formation of electronically
distinct Nbs clusters. Besides, the residual I ions can also be
replaced by other halogen elements, significantly expanding
the NbsM X7 family.

The bulk NbsMX; (M =S, Se, Te; X = Br, 1) materials,
as noncentrosymmetric semiconductors, exhibit two primary
second-order nonlinear optical responses, namely, SHG and
the LEO effect. However, the linear and nonlinear optical
properties of these materials have been scarcely studied. Only
SHG signals have been reported for the Nbs;Sel; nanoflake
[37,39]. For this reason, we perform systematic ab initio cal-
culations to study the linear and nonlinear optical properties of
the NbsM X7 materials. From the computed dielectric function
and dipole transitions, we can also gain better understanding
of the SHG and LEO coefficients. It would be helpful in
investigating the NLO properties of these fascinating layered
kagome lattice materials.

The paper is organized as follows. Section II introduces
the computational and theoretical details. Section III presents
the optical dielectric functions, SHG, and LEO coefficients
of the Nb3MX; materials. The influence of the stacking se-
quence and the isoelectronic substitution on the dielectric
functions and SHG susceptibilities are discussed. The features
of the NLO spectra are analyzed according to the interband
and intraband single- and two-photon resonances. Finally,
Sec. IV provides the conclusions of this work.

II. COMPUTATIONAL METHODS

All the optical calculations are performed utilizing the
ABINIT [40,41] package. To ensure the convergences of the
second-order susceptibilities, we adopt a k-point mesh of
27 x0.02 A~! [42] with a plane-wave energy cutoff of 35
Ha, and the number of bands is set to be 330 and 220 for
AB- and AA-Nb3MX; NbsMX;, respectively. Structural re-
laxation is conducted until forces on each atom are smaller
than 0.001 eV/A. The Perdew-Burke-Ernzerhof (PBE) func-
tional [43] was utilized along with Grimme’s D2 empirical
correction [44] to account for the London dispersion, which
is significant in van der Waals layered materials. Using the
methodologies and formulations developed by Sipe et al
[5,45], we compute the linear and nonlinear susceptibility
tensors for the Nb; M X; materials.

Within the framework of linear response theory, the polar-
ization is characterized by the following relation to the electric
field [45]:

Pl() = xj)(—0, 0)E' (), (1)
where X;})(—w, w) represents the jl/th component of the com-

plex dielectric tensor, j and [/ denote Cartesian directions,
and E'(w) denotes the I component of the electric field at

frequency w. The linear optical response originates from the
complex linear susceptibility tensor Xill)(—w, ), which for

semiconductors is given by [S](h=m =e = 1):
J !
(1) rnm(k)rmn(k) _ Sjl(w) B (Sjl 2
(-0, 0) = E Jam o ) —w 2

nmk

In Eq. (2) and content that follows, m and n are the band
label; gy is the permittivity of free space; €2 is the volume
of the unit cell. f,,, = f, — f is the difference of Fermi
occupations, where f; is the Fermi occupation of band n. w,,,
is the frequency difference between bands m and n. Here the
vectors k range over the Brillouin zone, and r,, are the posi-
tion matrix elements. ¢;(w) is the jlth component of the
dielectric function. The complex dielectric function possesses
both a real component and an imaginary component. The
Relgj;(w)] can be obtained from the computed Im[e; j; ()]
via Kramers-Kronig transformation.

For the second-order response, the nonlinear polarization
component can be written as follows with the electric field by

Wy, 0, 0, )EX(0p)E (w,).
&)

Pl(wp + ) = X]kl( wg —

The derivation of the second-order susceptibility x! kl uses
the methods of Sipe et al. [5,45]. During the SHG process,
the system absorbs two photons, each with energy /iw, re-
sulting in the emission of a photon with doubled energy
2hw. Given that wg = w, in this process, the frequency-
dependent second-order susceptibility specific to SHG is
expressed as X%}(—Zw, w, ) or more succinctly xPQw).
Within ABINIT [46], the nonlinear susceptibility of SHG is
computed as the sum of three distinct contributions, according
to the following relation:

1(131)(2“)) = Xjkl(za)) + U,kz(zw) + sz(zw) 4)

Equation (4) describes three distinct contributions to the
second-order susceptibility. The first term X (2a)) represents
the role of interband transitions, 111ustrating how electrons
moving between different energy bands contribute to the non-
linear optical response. The second term X ! (2w) captures
the influence of electrons’ intraband movements on the linear
susceptibility, essentially showing how the motion within the
same energy band modulates the material’s response to light.
The final term describes the impact of polarization energy
and interband movements on modifying the susceptibility. A
detailed examination and discussion of these contributions
have been previously presented [5].

For the linear electro-optic response, a single incident pho-
ton of energy /iw (generating a time-varying electric field) is
incident on the material, with an electric potential also applied
to the material. Considering the electric field displacement
vector, the measurable Pockels coefficient can be related to
the linear electro-optic susceptibility. This relationship can be
simplified and expressed as the effective dielectric function
multiplied by the electric field, describing the first-order rela-
tionship between a constant electric field and the change in the
system’s inverse effective dielectric function, i.e., the Pockels
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TABLE I. Lattice constants and band gaps of the Nb;MX; family. Experimental values are shown in parentheses. The scissors operator is

defined as AE = E§H5E+soc>

— E{59MS00) where EMSEHS09) and E{99A450C) are the SOC band gaps calculated at the HSE and GGA levels,

respectively.
a(A) c(d) E(GOA+S0C) (o) ESEHS00) (V) AE (eV)

AB-Nb;Tel, 7.604 13.653 0.430 1.096 0.666
(7.630 [35]) (13.800 [35])

AA-Nb;Tel, 7.613 6.801 0.364 1.042 0.678
(7.642 [35]) (6.897 [35])

AA-Nb;SBr; 7.086 6.258 0.764 1.667 0.903
(7.642 [56]) (6.304 [56])

AB-Nb;Sel, 7.551 13.391 0.446 1.153 0.707
(7.594 [37]) (13.655 [37]) (1.54 [37])

coefficient. Thus, the LEO coefficient is written as

_2XjEklO(a), ,0) s

ripw) = —m—mm-.
) = @)

It is known that the band gaps of semiconductors are
usually underestimated by the PBE functional within the
generalized gradient approximation, where quasiparticle self-
energy corrections are not appropriately accounted for. To
improve the accuracy, various hybrid exchange-correlation
functionals, such as B3PW and B3LYP functionals [47,48],
and the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional
[49,50], have been developed. These methods have been re-
ported to yield band gap values that are in better agreement
with experimental measurements [51-54].

An accurate band gap is crucial for obtaining accurate
optical properties. Therefore, we further perform band struc-
ture calculations using the HSE functional to improve the
description of band gaps of the NbsMI; (M = S, Se, Te)
family. Subsequently, the band gaps obtained by the HSE
calculations are utilized and the self-energy corrections are
taken into account via the so-called scissor correction [54].
In the scissor correction calculations, the conduction bands
are rigidly shifted upwards to fit the HSE band gap, and the
transition matrix elements are modified correspondingly. All
the optical properties presented in this paper are obtained with
the scissor correction.

III. RESULTS AND DISCUSSION

A. Crystal structure and electronic properties

The layered noncentrosymmetric NbsMX; (M = Te, Se, S;
X = Br, I) materials were synthesized in experiments [35-37]
and were found to exhibit polymorphism. Two polymorphs
which differ in layer stacking sequences are determined [35].
We refer to them as AA-NbsMX; Nb3MX; and AB-NbsMX;.
Both structures crystallize in hexagonal lattices while having
a different space group of P63mc and P3m1, respectively. As
illustrated in Fig. 1, both polymorphs consist of [NbsMX;
slabs separated by Van der Waals gaps. Each [Nb3;MX7] slab
is composed of one pure iodide layer, one mixed “M/X” layer,
and one sandwiched Nbj trimer layer. In AA-NbsMX;, the
[Nb3MX7] slabs are directly superimposed on top of each
other. For AB-NbsM X7, the two adjacent [Nbs;MX7] slabs
are related by a 63 screw axis. Both AA- and AB-stacked
configurations lack an inversion center, therefore they hold

broken spatial inversion symmetry. The calculated and exper-
imentally measured structural parameters of the AB-stacked
Nbs3Sel; and NbsTel;, and the AA stacked-Nb3;SBr; and
NbsTel; are listed in Table 1. The optimized atomic coordi-
nates of the four NbsMX; (M = Te, Se, S; X = Br, I) materials
can be found in Table S1 in the Supplemental Material [55].
The differences between the optimized lattice constants and
the experimental measurements are within 2% for all four
compounds.

Since Nb3M X7 compounds share the same crystal structure
and their constituent elements fall into the same groups in the
periodic table, the band structures are quite similar among
the Nb3MX; family. Here we show only the band structure
of the AB-stacked NbsTel; in Fig. 2(a). The band structure
of AA-Nbs;Tel;, AB-NbsSel;, and AA-NbsSBr; can be found
in Figs. S1(a), S1(c), and S1(e). Both AA- and AB-stacked
NbsMX; are direct band-gap semiconductors with both the
conduction band minimum (CBM) and valence band maxi-
mum (VBM) locating at the I point. The band gaps for the
Nbs;MX; family obtained at the PBE and HSE levels with
the spin-orbit coupling (SOC) effect taken into account are

AB-stacking

AA-stacking

FIG. 1. Crystal structure of (a) AB-NbsM1; (M = Te, Se), (b)
AA-NbsMX; (M = Te, Se; X = I, Br). Magenta dashed lines repre-
sent the unit cell.
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FIG. 2. (a) Band structures from GGA (blue dashed lines) and
HSE (red solid lines) calculations. The horizontal dashed line
denotes the Fermi level. (b) Total and orbital-projected DOS of AB-
NbsTel;. Total and atom-projected DOS of AB-Nb;Tel; are shown
in the upper panel. The orbital-resolved DOS of Nb and I atoms are
shown in the medium and bottom panels, respectively.

tabulated in Table I. The HSE functional greatly improves
the description of band gaps of the Nb;M X7 family. For AB-
Nbs;Sely, the PBE functional predicts a band gap of 0.446 eV,
while the HSE functional gives 1.153 eV, which approaches
the experimental value of 1.54 eV [37]. The band gap differ-
ences between the PBE and HSE levels are utilized to apply
scissor corrections for more accurate estimation of the optical
properties.

The total and orbital projected density of states (DOS) from
PBE functional for all compounds are shown in Fig. 2(b) and
Figs. S1(b), S1(d), and S1(f). Since the four compounds share
rather similar DOS profile, here we focus only on the DOS
of AB-NbsTel;. As shown in Fig. 2(b), the low-energy region
from —5 to —1 eV is primarily contributed by the I p orbitals.
The upper valence bands and lower conduction bands are
mainly contributed by Nb d orbitals and I p orbitals. Hence,
the Nb 4d orbitals and I p orbitals would play the primary
role in determining the linear and nonlinear optical responses
of the Nbs;M X; compounds.

B. Linear optical properties

The imaginary (absorptive) and real part of the optical
dielectric function £(w) of Nb3MX; is shown in Fig. 3 and

12 | (a) 'ABNbTL, [ (b) AANb,Tel, ]
| = 1
81 A, 4 1k .
- \ L
. xx(yy)|[
- 0 I | | ZIZ Il
w T T T T
12 | AB-Nb,Sel, (©) _
8 - c
| xx(yy) [
0 1 L 1 1 ZZI 1
0 2 4 6 80
Energy (eV)

FIG. 3. Absorptive part of the optical dielectric function ”(w) of
(a) AB — NbsTel;, (b) AA-NbsTel;, (c) AB-Nb;Sel;, and (d) AA-
Nb3;SBr; for light polarization along the x(y) directions (red lines)
and the z direction (blue lines). A, presents the first peak in the x(y)
direction; C;, C,, and C; present peaks in the z direction.

Fig. S2, respectively. Due to the hexagonal symmetry, the two
in-plane components (e, and s;y) of the dielectric functions
are equal. However, there is significant difference between
the in-plane and out-of-plane components of the dielectric
functions. As shown in Fig. 3(a) for AB-NbsTel;, the in-

plane elx and 8;}, doubles the out-of-plane sgz in the energy
range from 2.2 eV to 4.5 eV, while sgz becomes slightly
larger than s):x and 5;), in the higher energy 5 eV region. By
comparing the imaginary dielectric functions of AB-NbsTel;
and AA-NbsTel; [see Fig. 3(a) and Fig. 3(b)], we find that
the absorptive spectrum is hardly affected by the stacking
sequence. Fig. 3(a) and Fig. 3(c) show that while the imag-
inary dielectric functions of AB-NbsTel; and AB-NbsSel;
are similar, substituting Se for Te weakens the out-of-plane
C; peak at ~2 eV and leads to blue shifting of the higher
energy absorption peaks. In contrast, the highest 8;1 peak (Cy)
is enhanced when Te is replaced with Se. Blue shift of C, peak
is also observed, suggesting that the absorption of deeper UV
radiation is improved in AB-NbsSel;.

When simultaneously replacing Te and I in AA-NbsTel;
with lighter S and Br atoms, a more pronounced shoulder peak
near 5 eV occurs in the in-plane &, and 8)”,V; see Fig. 3(d).

Additionally, the first peak of ¢, and E;y is broadened, and

the absorption peaks of egz are blue shifted with the first peak
weakened and the strongest peak enhanced.

To better understand the origins of the main peaks, we
employed the irvsp [57] code to identify the symmetries of
low-energy bands at the I" point, and assigned the main ab-
sorption peaks to interband transitions according to the dipole
selection rules [58] tabulated in Table II. As depicted in Fig. 4,
the first absorptive peak in the dielectric function as indicated
as A; in Fig. 3(a) is related to the transitions from the I'g state
at the top of the valence band to the I' state at ~1.6 eV. The
out-of-plane C; peak can be assigned to the transitions from
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TABLEII. Dipole selection rules [58] for transitions between the
band states of Cg, group at the I" point.

Elc Ellc
r ' =T Iy =T
I'e - I'y -0

the I'; state of valence band at —0.542 eV to the I'; state of
conduction band at 1.218 eV.

C. Second harmonic generation and linear electro-optic effect

The point group Cgy has four nonvanishing second-order
nonlinear optical susceptibility elements [1]. Bulk AB-
stacked Nb;MX;7 compounds have C{, crystalline symmetry,
which reduces the original number of nonzero elements by
one because x &) = x2) = x\2) = x3)- Thus, the AB-stacked
NbsM X7 have three nonzero SHG tensor elements, namely,
xZ, x82), and x2. The AA-stacked NbsMX; have Cj,
crystalline symmetry and four nonzero SHG elements, x(2),
X x5, and x2). We note that the profiles of the NLO spec-
tra remain nearly unaltered under the scissor correction, hence
only the postscissor correction NLO spectra are presented in
Fig. 5. However, the peak positions exhibit blue shifts, and the
magnitudes of the second-order susceptibilities are reduced
under the scissor correction.

In Table III the computed static dielectric constant €(0),
second-order nonlinear optical susceptibility X(Z)(O, 0,0),
and zero-frequency LEO coefficient r(0) are listed. All the
NbsMX; compounds show anisotropic behavior in both static
second-order NLO susceptibilities and LEO coefficients. In
addition, they all exhibit large static second-order NLO sus-
ceptibilities, especially x‘2(0), which are approximately 30
times that of the zincblende and wurtzite GaN (~10 pm/V)
[9,11,59], the common used NLO semiconductors. The AB-
NbsTel; has the largest LEO coefficient r,,,(0) of 5.94 pm/V,
being approximately 10 times larger than that of bulk GaN
polytypes(~0.6 pm/V) [9,11,59]. The real and imaginary

2
r————mm8 14, ——
1.5+ 4 Al !
Emmm—
1+ i F5=
~ | ol 1=
% 0.5) 1
& L
g ol e __
Iﬁ E I's
s E
— T4]
-1k ‘\
15 = =~
M r M

FIG. 4. Band structure of AB-Nbs;Tel; from GGA calculations
with the scissor’s correction. Red arrow denotes light polarization
parallel to the c axis, blue arrow for perpendicular.

TABLE III. Static dielectric  constants (&, = &, &),
second-order susceptibilities x ®(0)(pm/V), and LEO coefficients
r(0)(pm/V) for the bulk Nb;MX; compounds.

AB — Nb;Tel; AA — Nb;Tel; AB — Nb;Sel; AA — Nb;SBr

& 10.86 10.72 10.62 8.29

e 9.46 9.50 8.52 6.36
x20)  —47.09 ~39.60 ~39.93 17.62
x2(0) 82.51 60.55
x2(0) —43.29 ~37.53 ~39.91 25.51
x20)  350.19 298.26 229.93 —111.07
Pa(0)) 0.80 0.69 0.71 —0.51
Fyyy (0) —143 ~1.76
(1)) 0.73 0.65 0.71 —0.74
r.(0)  —5.94 -5.19 —4.07 3.23

parts of the second-order susceptibility are shown in Fig. 5 for
AB-NbsTel; and Fig. S5 for AA-NbsTel;, AB-NbsSel;, and
AA-Nb;3SBry, respectively. For all four compounds, Xz(zzz) is
the dominant component of x . The XZ(ZZZ) of AB-NbsTel; has
the strongest response at 0.91 eV, which reaches 3081 pm/V,
being an order of magnitude larger than that of gallium ar-
senide (GaAs) [60], nearly 14 times that of GaN (~220 pm/V)
[9,11,59], and almost 40 times that of the CdSe (~76 pm/V)
[61]. This indicates that AB-NbsTel; would be an excellent
NLO material, with potential applications in nonlinear and
electro-optic optical devices, such as frequency conversion,
optical switches, frequency doubling, optical modulation, and
sensors [62,63].

We also examine the effect of stacking sequence on the
NLO properties of the Nb3MX; compounds. The compari-
son between the second-order susceptibilities of AB-NbsTel;
(Fig. 5) and AA-NbsTel; [Fig. S3(a)] show the two stackings

have rather similar profiles of x2), x{2), and x/2. The only

difference is that the intensities oxf the pgaks at ~4 eV of AB-
NbsTel; are weaker than that of AA-NbsTel;. This implies
that the interlayer Van der Waals interactions have only neg-
ligible influence on the SHG. A comparison of AB-NbsSel;
[Fig. S3(b)] and AB-NbsTel; (Fig. 5), which share the same
stacking sequence but consist of different M elements, is
drawn to demonstrate the impact of electronic substitution on
the NLO properties. Similar to the case of linear dielectric
function, the two compounds exhibit analogous features in
the second harmonic response especially in the low-energy
zone (<1.5 eV). This phenomenon can be attributed to the
dominant contributions from Nb and I atoms near the Fermi
level in the density of states, which primarily determine the
second harmonic generation.

There are few studies on the NLO properties of the bulk
Nb3MX; compounds. Only experimental SHG intensity of
the AB-NbsSel; [37,39] nanoflake is available. Our computa-
tional findings are compared against the reported experimental
values therein. In Fig. S4 the experimental results [37] show
that AB-Nb;Sel; exhibits a robust SHG response peak at
430 nm (~2.9 eV). In our calculations, the response peak oc-
curs at 2.5 eV with a magnitude of 500 pm/V. The discrepancy
of peak position may arise from the difference between the
HSEOQ6 calculated band gap and the experimentally measured
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FIG. 5. (a—c) Real and imaginary parts, and (d—f) the absolute value of the second-order susceptibility of x
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Nb;Tel;. (g-i) Decomposition of the imaginary parts of x2), x 2, and x/2 into the inter- and intraband single- and two-photon contributions,

XXZ

respectively.

band gap. Despite the band gap deviation, our computational
results are in reasonable agreement with the experimental
measurements.

The SHG involves not only single-photon resonances, but
also two-photon resonances. To gain a deeper understanding
of the NLO response, we analyze the constituent components
of the second-order susceptibility to identify the key fea-
tures in the spectra. The SHG spectrum can be decomposed
into four parts, i.e., the interband and intraband single- and
two-photon resonances. Since the x2) component of x @ of
AB-NbsTel; exhibits the maximum response peak among the
four NbsMX; compounds investigated here, we focus on the
discussion on the origins of the large x2 in the AB-NbsTels.
Figures 5(d) and 5(g) depict the absolute values of x® and
absolute values of the imaginary part of x®, as well as the
decompositions of x® of AB-NbsTel;. It is shown that the
strongest peak of XZ(ZZ) at 0.91 eV stems from the positive
peak in the imaginary part of the Xz%)’ which is dominated by
intraband two-photon resonance. The interband two-photon
resonance plays a secondary role in determining the highest
peak of XZ(ZZ) which shows opposite sign to intraband two-
photon resonance.

Interestingly, for these four materials, as shown in
Figs. 5(g), 5(h), and 5(i), and Fig. S3, in the energy range from

approximately O to 2eV, the spectral features in the nonlinear

optical response are formed predominantly by two-photon
(2w) resonances. /2 is greater than those of x ® components,
from the real part, imaginary part, or magnitude perspec-
tives. This can be attributed to the layered structure of these
materials, which show significant in-plane and out-of-plane
anisotropy.

To explore other origins of large SHG susceptibility in
the Nbs;MX; family, the deformation charge density, which
is defined as the difference between the total charge density
and the superposition of spherical atomic charge densities, is
depicted in Fig. 6. The analysis of the deformation charge den-
sity reveals a substantial accumulation of electron charge near
the Nb-I and Nb-Te (Nb-Se) bond centers, while the charge
is depleted from Nb along the bond directions. This indicates
strong directional covalent bonding within the layers of these
materials, which gives rise to significant spatial wavefunction
overlap between initial and final states and, consequently, to
large optical matrix elements and large x® values. Generally,
a strong directional covalent bond is regarded as one of the
major sources to produce significant SHG susceptibility, as is
demonstrated in Refs. [20,34,64,65].

IV. CONCLUSION

We have systematically investigated the linear and NLO
properties of the bulk NbsMX; (M =S, Se, Te; X = Br,
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FIG. 6. Contour plot of the deformation charge density of (a)AB-
Nb;Tel; and (b)AB-Nb;Sel; from GGA calculations. The contour
interval is 0.002 eV/A?. The electron accumulation is denoted by red
lines; the electron depletion is depicted by blue lines.

I) compounds, which possess a noncentrosymmetric layered
Van der Waals kagome lattice. The NbsMX; family exhibits
large second harmonic effects. Among the four compounds
investigated here, the AB-stacked Nb;Tel; has the strongest
nonlinear optical susceptibility of 3081 pm/V in x2), being
approximately 14 times larger than that of the commonly uti-
lized nonlinear optical material GaN and 40 times as large as
that of CdSe. The strongest peak in the spectra of x % (-2w, w,
) is dominated by the intraband two-photon resonances. The
AB-NbsTel; exhibits gigantic static second harmonic genera-
tion coefficients, with the ng)(o) (350 pm/V) being up to 30
times larger than that of GaN. It also possesses a large linear
electro-optic coefficient 7,,,(0) (5.94 pm/V) which is over ten

times greater than that of GaN polytypes. Hence, AB-NbsTel;
constitutes an outstanding nonlinear optical material and may
find valuable applications in nonlinear and electro-optic de-
vices such as electro-optical switches, frequency converters,
phase matchers, and optical signal modulators.

We also found that the stacking pattern has negligible
impact on the dielectric functions and SHG in low-energy
zone. The isoelectronic substitution of lighter elements for Te,
i.e., replacing Te with Se or S, weakens the intensities of the
low-energy absorptive peak but enhances and blue-shifts the
high-energy absorption peak. However, the isoelectronic sub-
stitution does not significantly affect the spectral profiles of
NbsM1; (M = Se, Te), as the optical properties are primarily
determined by the energy states near the Fermi level, which
are dominated by Nb and the group VIIA elements.

Recently, growing experimental effort has been paid to
measure the NLO properties and the topological flat bands of
two-dimensional Nb; M X; compounds [66]. Our findings here
will stimulate further experimental efforts on the nonlinear
and electro-optic effects in bulk Nbs;MX; compounds, the
parent materials of the 2D NbsMX;.
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