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Designing novel two-dimensional structures and precisely modulating their second harmonic generation (SHG) at-
tributes are key to advancing nonlinear photonic technologies. In this work, through first-principles calculations, we
propose a novel tetrahedral phase of transition metal dichalcogenides (TMDs) and validate its structural feasibility in a
family of compounds, i.e., ZX, (Z =Ti, Zr, Hf; X =S, Se, Te). Cohesive energy and phonon dispersion calculations further
demonstrate that eight of nine possible ZX, monolayers are dynamically stable. All the ZX, monolayers exhibit pronounced
out-of-plane SHG with nonlinear susceptibility components reaching the order of 102 pm/V. Strain engineering imposes a
profound influence on the SHG response of ZX, monolayers by reducing symmetry and modifying nonlinear susceptibility
components. The redshift and significant enhancement of the prominent peak in SHG spectra are also revealed due to
strain-induced charge redistribution and band gap reduction. Intriguingly, strain-driven nonlinear optical switching effects
are realized in the ZX, monolayers, with a reversible switching of SHG component ordering under tensile and compressive
strain. In such a case, the anisotropic SHG pattern transforms from fourfold to twofold symmetry under the strain. Our
work demonstrates the efficacy of strain engineering in precisely enhancing SHG, paving the way for the integration of

novel TMD structures into tunable and flexible nonlinear optical devices.
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1. Introduction

Second harmonic generation (SHG), as a fundamental
second-order nonlinear optical (NLO) response, has become
a cornerstone of modern photonics,!!=! with critical applica-
tions in various photonic devices including pulsed lasers, [©}
optical switches,!”! optical modulators,'®! photodetectors, !
and frequency converters.!!%!!l Beyond photonic applications,
SHG techniques have also shown significant potential in

(121 biosensing, and food analysis,!'3!4]

molecular detection,
due to their higher chemical selectivity and greater environ-
mental adaptability compared to traditional nonlinear optical
methods (e.g., surface-enhanced raman spectroscopy!!>~191),
Two-dimensional (2D) materials provide an ideal platform
for SHG applications due to their ultrafast broadband optical
response, 2211 inherently satisfied phase-matching,?>?3! and
strong second-order nonlinearities. 2426

As a typical representative of 2D materials, transition
metal dichalcogenides (TMDs)!?7-28] exhibit distinct advan-

tages in nonlinear optics due to their unique structural and
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optical properties.[*”3°1 TMDs are composed of elements
spanning almost the entire periodic table, forming a vast li-
brary of 2D materials with diverse properties and tunable
functionalities. 33?1 Besides, TMDs exhibit multiple phase
structures, including the semiconducting 2H phase,?*! metal-
lic 1T phase,ml semimetallic 1TB4 and Td phase,[35] each
imparting distinct electrical and optical characteristics, pro-
2H-phase
TMDs exhibit exceptional nonlinear optical responses with

viding diverse candidates for SHG applications.

substantial second-order nonlinear susceptibility, primarily at-
tributed to their non-centrosymmetric crystal structure.36-37]
Investigating novel structural phases of TMDs is essential for
expanding the structural and electronic diversity of this ma-
terial family. Despite differences in stoichiometry, TMDs
and transition metal monochalcogenides (TMCs) share key
physicochemical features, including layered structures with
anisotropic bonding, a common three-layer atomic motif, and
similar d-orbital configurations.*8 These similarities result in
comparable responses to external stimuli and give rise to anal-
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ogous electronic phenomena such as correlation effects and
topological phases.*”) Inspired by the existence of tetrahe-

1391 proposing and exploring a similar

dral structures in TMCs,
phase in TMDs could reveal unconventional electronic, opti-
cal, and mechanical properties distinct from the well-known
1T, 2H, and 1T’ phases.

SHG response highly relies on lattice symmetry and can
only occur in noncentrosymmetric structures.!’?) Modulat-
ing the SHG response in 2D materials is essential for en-
hancing nonlinear conversion efficiency and optimizing the

40,41] for

performance of NLO devices. Common strategies, !
modulation and enhancement of the SHG response include
heterostructure engineering,>>#?! defect engineering,! ex-
ternal electric and magnetic field regulation,*3 and strain
engineering.[*+*! Among these methods, strain engineering
is highly effective and versatile, enables continuous and re-
versible control over SHG without introducing defects or al-

46471 However, the mechanisms

tering chemical composition. |
underlying strain-induced modulation of second-order nonlin-
ear susceptibility dispersions and anisotropic SHG intensity
patterns in TMD structures remain insufficiently explored.

In this work, we propose eight stable ZX, tetrahedral
monolayers and explore their electronic and SHG responses
under varying strain. Cohesive energy and phonon dispersion
analyses confirm that eight of nine possible ZX, structures ex-
hibit dynamic stability. All monolayers exhibit pronounced
out-of-plane SHG with two independent second-order nonlin-
ear susceptibility components. Strain engineering significantly
modifies the SHG response by reducing symmetry, disrupting
tensor component equivalence, and introducing new nonlinear
susceptibility elements. Charge redistribution and band gap re-
duction under strain induce a redshift and substantial enhance-
ment of the prominent peaks in SHG spectra. Furthermore,
strain modulates nonlinear susceptibility anisotropy, enabling
a reversible switching of SHG component ordering under ten-
sile and compressive strain, thus realizing a strain-driven non-
linear optical switching effect. Notably, the anisotropic SHG
pattern transitions from fourfold to twofold symmetry under
strain.

2. Method

All calculations were performed using the Vienna
ab initio simulation package (VASP),[*3* based on den-
sity functional theory (DFT). The Perdew—Burke—Ernzerhof
(PBE) functional within the generalized gradient approxi-
mation (GGA) was employed as the exchange—correlation
potential,’%>!l with a plane-wave cutoff energy of 500 eV.
The interaction between valence electrons and atomic cores
was modeled utilizing the projector-augmented wave (PAW)
method.>?! Structural optimizations were carried out until
the Hellmann-Feynman forces on all atoms were reduced

below 0.01 eV/A, with an energy convergence criterion of
1 x 107% eV between successive ionic relaxation steps. The
vacuum layer thickness was set to 18 A to prevent the in-
teractions between adjacent image layers. Phonon spectra
were obtained via the finite displacement method as exe-
cuted in the PHONOPY package.!>3>¥ To address the un-
derestimation of the band gap by the PBE functional, Heyd—
Scuseria—Ernzerhof (HSE06) hybrid functional was used to
yield accurate band structures.>>! The Brillouin zone integra-
tions were performed using a Monkhorst—Pack k-point mesh
of 25x25x 1. For the electronic structure calculations, a total
of 82 k points were employed along the high-symmetry paths.

Aversa and Sipe initially derived expressions for
the second-order nonlinear susceptibility using a length-
gauge framework,>®! which were later reformulated by
Rashkeev, to incorporate all symmetry contributions.!®”!
The second-order nonlinear susceptibility xéil(wa,a),a))
was calculated based on the independent particle ap-
proximation considering pure interband transition contri-

butions x.(2>

) inter
2
xintra

by intraband terms xlfgd(—2a),a),a)).[58*59] Additionally, the

(—2w,w, ), intraband transition processes
(—20,0,®), and the modulation of interband terms

scissor approximation, defined as the difference between the
PBE and HSEO6 band gaps, was applied to account for the
missing many-body effects in the SHG calculations.*’! To ob-
tain reliable results on the SHG susceptibility, a denser k-point
mesh of 50x50x1 was adopted and 100 energy bands were
considered. The calculation details are shown in Section S1.

3. Results and discussion

Semiconductor materials provide a suitable platform for
modeling second-harmonic generation (SHG) mechanisms,
as their band structures, optical transition matrix elements,
and second-order nonlinear susceptibility tensors can be re-
liably evaluated using first-principles methods such as density

[57:59.611 Therefore, our study focuses on the

functional theory.
semiconducting tetragonal-phase TMDs. It is well-known that
materials with an odd total number of valence electrons gener-

.21 Given that the two chalco-

ally exhibit metallic behavio
gen atoms contribute an even number of valence electrons,
transition metals with an odd number of valence electrons, in-
cluding V, Nb, Ta (group VB), Mn, Tc, Re (group VIIB), and
Co, Rh, Ir (group VIIIB), were excluded from consideration.
This leaves Ti, Zr, and Hf (group IVB), Cr, Mo, and W (group
VIB), and Fe, Ru, and Os (group VIIIB) as possible candi-
dates. By systematic first-principles calculations of the elec-
tronic band structures (Fig. S2), we found that only the group
IVB tetragonal-phase TMDs exhibit semiconducting behavior.
As aresult, Ti-, Zr-, and Hf-based systems were ultimately se-
lected as the focus of this work.

084206-2
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3.1. Structural characteristics, stability, and electronic
properties

The geometric structure of monolayer ZX; (Z = Ti, Zr,
Hf; X =S, Se, Te) is illustrated in Figs. 1(a) (top view) and
1(b) (side view). ZX, adopts a three-atomic-layer X—Z—X con-
figuration, similar to other transition metal monochalcogenide
phases, such as 2H and 1T. In this structure, the transition
metal (Ti, Zr, or Hf) is centrally positioned, sandwiched be-
tween two chalcogen layers. These materials belong to the
tetragonal crystal system with space group P4m2, character-
ized by two orthogonal mirror planes parallel to the yz- and
xz-planes, as well as three mutually perpendicular twofold ro-
tational symmetry axes. The relaxed structural parameters,
Z-X bond lengths, and thicknesses are listed in Table 1. In
all monolayers, the bond lengths between the transition metal
atom Z and the two chalcogen atoms are equal. Notably, ZrTe,
exhibits the largest lattice constant of 4.31 A, while the heav-
iest HfTe, has the second-largest lattice constant of 4.28 A,
and the lightest TiS, displays the smallest lattice constant of
3.68 A. It is also found that for ZX, structures with a fixed Z
atom, a systematic increase in the lattice constant, Z—X bond
length, and thickness occurs as the chalcogen element varies
from S to Se to Te. This trend stems from the decreasing
electronegativity and increasing atomic radius of the chalco-
gen atoms, which weaken the metal-chalcogen bonds and thus
lead to progressively longer bond lengths and greater thick-

nesses of the monolayers.

© Ti/Zr/Hf @ S/Se/Te

Fig. 1. (a) Top and (b) side views of ZX, (Z =Ti, Zr, Hf and X = S,
Se, Te) monolayers. The grey and orange balls represent transition
metal and chalcogen atoms, respectively. The unit cell is denoted by
the dashed lines.

The thermodynamic stability of these monolayers is eval-
uated by the cohesive energy (E.op), defined as

E _ Eotal — (EZ + 2EX)
coh — N )

ey

where Eio,) represents the total energy of the single-layer ZX5,
E7 and Ex denote the energies of isolated transition metal
atoms and chalcogen atoms, respectively, and N is the num-
ber of atoms in the unit cell. As shown in Table 1, all nine
materials exhibit negative cohesive energies, indicating their
energetic stability. Notably, HfS, possesses the lowest cohe-
sive energy (—6.38 eV/atom), indicating it is the most stable
among these materials. To further assess the dynamic stabil-
ity of the studied monolayers, phonon dispersion calculations
were performed. The phonon spectra of the nine monolayers
are shown in Fig. S3. Except for ZrSe,, the remaining eight
structures exhibit no imaginary frequencies, confirming their
dynamical stability, resulting in the identification of eight sta-
ble ZX; monolayers.

Table 1. The lattice constant (a), Z—X bond length (dz_x), thickness, cohesive energy (Ecop), and band gaps calculated based on PBE (EgBE)

and HSE06 (ESSEO(’) of the nine Z, monolayers.

System a(A) dz—x (A) Thickness (A) Eon (eV/atom) EgBE V) E?SEOG V)
TiS; 3.68 2.29 2.72 -5.96 1.23 1.89
TiSe, 3.83 241 2.94 -5.38 0.9 1.70
TiTe, 4.12 2.63 3.27 —4.61 0.52 0.98
ZrS; 391 242 2.85 -6.37 1.96 2.70
ZrSe; 4.04 2.55 3.11 -5.75 1.53 221
ZrTe, 4.31 2.76 3.46 -4.99 0.98 1.54
HfS, 3.88 241 2.86 -6.38 222 2.85
HfSe, 4.01 2.54 3.11 -5.72 1.78 2.35
HfTe, 4.28 2.75 3.45 -4.93 1.61 2.38

Since second harmonic generation (SHG) is sensitive to
the band gap and the PBE functional typically underestimates
band gaps, we employed the HSEO6 method to obtain more
accurate band gap values and band structures for monolayer
ZX, (Fig. S4). The band gap values obtained from HSE06
calculations are 28% to 88% higher compared to PBE results
(Table 1). The band structures calculated using both PBE and
HSEOQ6 confirm that all nine monolayers exhibit indirect band

gaps. The valence band maximum (VBM) is consistently lo-

cated at the I point, whereas the conduction band minimum
(CBM) appears at the M point in HSEO6 results, while it lies
along the high-symmetry path between M and I" in PBE cal-
culations. Specifically, HfS, exhibits the largest band gap of
2.22eV (PBE) and 2.85 eV (HSE06), whereas TiTe; possesses
the smallest band gap of 0.52 eV (PBE) and 0.98 eV (HSE06).
For a fixed Z atom in monolayer ZX», the band gap decreases
as the electronegativity of X decreases (i.e., from S to Se to
Te) (Table 1). This can be attributed to the upward shift of

084206-3
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the chalcogen p orbital energies, which raises the VBM while
the CBM remains nearly unchanged (Fig. S5). Therefore, all
subsequent results are based on HSEQ6 calculations.

Strain directly induces changes in lattice parameters
and can be employed to tailor the electronic properties of
these stable ZX, monolayers. A strain range of +5% was
selected based on experimentally accessible limits and its
proven effectiveness in capturing key trends in electronic
and nonlinear optical responses without inducing structural

46,63.64] The band structures of ZX, monolayers

instabilities.!
with different lattice constants corresponding to compressive
strain (—5% to —1%), no strain (0%), and tensile strain (1% to
5%) are calculated, as shown in Figs. S6-S11, which reveal the
intriguing optical properties of these strained 2D monolayers.

The results demonstrate that the application of tensile or com-

2.8 3.0

pressive strain does not alter the indirect nature of the band
gap. The VBM remains located at the I" point, whereas the
CBM exhibits strain-dependent shifts, appearing along the X—
S high-symmetry path under tensile strain and along the S-Y
high-symmetry path under compressive strain (Figs. S6-S11).
The band gaps as a function of strain are presented in Fig. 2.
For most monolayers, the band gap displays non-monotonic
behavior, with a slight increase observed at +1% strain, fol-
lowed by a decrease at strains from 1% to +5% (Fig. 2). In
contrast, TiSe, and HfTe, follow a distinct trend, with their
band gaps decreasing consistently as strain increases from 1%
to 5% (Figs. 2(a) and 2(c)). Our findings indicate that the
electronic band characteristics, including gap magnitude and
curvature, exhibit strong sensitivity to strain, enabling strain-
mediated tunability of nonlinear optical properties.

(a) -a TiS,
2.4} -eo- TiSe;y

2.0 k./_/./-\_/-\-\k_\_

1.6 /./'/,/‘\’\‘\‘*. 2.0t
1.2¢

Band gap (eV)

W.\. (.C/)././-/\/.\.\-\.\.
—a— TiTe, 2.5k 2.8}

0.8 -K/\k‘\"“\‘\‘ 15./“/*&‘_‘ 1.6}

3.2

- 71S,y |
—A— ZrTey 2.4

2.01

0.4 1.0

-4 -2 0 2 4
Strain (%)

-4 -2 0 2 4
Strain (%)

12
Strain (%)

Fig. 2. Band gaps of (a) TiX, (b) ZrX>, and (c) HfX; as a function of strain.

3.2. SHG response from TiX; monolayers and its strain
modulation effect

Taking TiX, as an example, we illustrate the effect of
strain on the nonlinear optical properties of these 2D mate-
rials. The dispersion of second-order nonlinear susceptibil-
ity elements under varying strain of TiX, is calculated, as
shown in Fig. 3. The unstrained TiX, crystallizes in the
tetragonal system with a space group of P4m2 and a point
group of Dyy, which lacks an inversion center and thus al-
lows SHG. The second-order nonlinear susceptibility tensor

x{gl of unstrained TiX, possesses four out-of-plane nonzero

components, including xgz), y(}zz) , xz(xzx) , and xz(yzy)
isfy the relations: xﬁg =— x;fg and XZ()?x) =— xz(yzv) (Figs. 3(b),

3(e) and 3(h)). The presence of a C, rotational axis in the

, which sat-

xy-plane imposes strict symmetry constraints that eliminate
all in-plane components of the second-order nonlinear sus-
ceptibility tensor. All TiX, monolayers demonstrate remark-
able SHG responses, with out-of-plane components reaching
on the order of 10> pm/V, which is several orders of mag-
nitude greater than those of commonly used bulk nonlinear
optical materials.[®>) As shown in Figs. 3(b), 3(e), and 3(h),
the maximum values of xﬁ; for TiS,, TiSe,, and TiTe, are
287.39 pm/V, 314.71 pm/V, and 684.77 pm/V at 0.93 eV,
0.67 eV, and 0.42 eV, respectively. Meanwhile, the maximum
xz()%,? values are 492.52 pm/V, 454.43 pm/V, and 701.40 pm/V

at 1.86 eV, 2.19 eV, and 0.80 eV, respectively. Notably, as X
transitions from S to Se and then to Te in TiX5, both xﬁg and
Xz(fx) exhibit a gradual increase in magnitude. Furthermore,
the positions of the prominent peaks experience a noticeable
redshift due to the reduced band gaps (Figs. 3(b), 3(e), and
3(h)). The contributions of interband transitions, intraband
transitions, and the modulation of interband terms by intra-
band terms to the SHG susceptibility were also analyzed (see
Fig. S12). For these three monolayers, the xgg and xy@ com-
ponents in the infrared region primarily result from intraband
transitions, whereas in the visible region, they arise from both
intraband and interband contributions. In contrast, the Xz@
and xz(yzy) components are primarily dictated by interband tran-
sitions across the entire spectral range (Fig. S12).

The second-order nonlinear susceptibility x® exhibits
significant changes when 1% and 5% tensile and compressive
strains are applied to the three TiX, monolayers. First, strain
induces a reduction in crystal symmetry, leading to a transfor-
mation of the space group from P4m2 to Pmm?2. Similar to the
unstrained TiX, monolayers, the second-order nonlinear sus-

ceptibility of strained TiX; monolayers includes the ng) > X}(}zz),

Xz@ ,and xz()zy) components; however, their original equivalence
is disrupted, with 32 # — 2 and x'2) # — %) (Fig. 3). Ad-
. 2) . .
ditionally, a new ¥;;; component emerges under strain, with
a relatively small value of about 30 pm/V in the strained TiX,
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systems. At £1% strain, the spectra of x)&?ﬁ
as x}(yzz) and xz()z)),, exhibit only minor splitting (Fig. S13), re-

sembling the behavior observed in the unstrained case. How-

and xg}, as well

ever, when the strain increases to +5%, significant structural
deformation leads to a pronounced enhancement of the split-
ting. For TiS,, TiSe;, and TiTe; under a tensile strain of 5%
(Figs. 3(c), 3(f), and 3(i)), the peak differences between )(Z(z))
and xéi? are 342.85 pm/V, 216.7 pm/V, and 532.5 pm/V, ob-
served at photon energies of 1.86 eV, 1.28 eV, and 0.68 eV, re-
spectively. Meanwhile, the differences between 1522 and xg)
reach 116.51 pm/V, 166.71 pm/V, and 539.9 pm/V at their re-
spective peak photon energies of 0.91 eV, 0.66 eV, and 0.37 eV
(Figs. 3(c), 3(f), and 3(i)). Clearly, upon applying strain, the
number of independent components in the second-order non-
linear susceptibility tensor increases from two to five, leading
to a significant enhancement in the anisotropy of the SHG re-
sponse.

Second, strain-driven charge redistribution and band gap
reduction lead to a redshift in the prominent peak of SHG spec-
tra, accompanied by a significant enhancement in the SHG re-
sponse. For instance, under 5% compressive strain, the dom-
inant peak in the xgg spectra of TiS,, TiSe;, and TiTe; shifts
from 1.86 €V, 1.08 eV, and 0.8 eV to 1.35 eV, 0.63 eV, and
0.22 eV, respectively (Figs. 3(a), 3(d), and 3(g)). The non-
linear susceptibility tensor exhibits a notable increase in the
infrared region, particularly under compressive strain. For
TiS,, the xz(f@ component rises from approximately 100 pm/V

—5% strain

Unstrained

to over 200 pm/V within the photon energy range of 0.5—
1.5 eV, accompanied by broadening of the peak at 1.8 eV
(Fig. 3(a)). In TiSe,, the peak value of 1)232 doubles from
around 300 pm/V to over 600 pm/V, while xz()%,g in the infrared
range increases from a few tens of pm/V to over 200 pm/V
(Fig. 3(d)). The most pronounced enhancement is observed
in TiTe,, where xgz) and xz()%,g
4000 pm/V under —5% compressive strain (Fig. 3(g)).

Third,

anisotropy reversal is revealed. The SHG component order-

surge from 700 pm/V to nearly

strain-engineered  nonlinear  susceptibility
ing can be reversibly switched under tensile and compressive
strain, demonstrating a strain-driven nonlinear optical switch-
ing effect. As illustrated in Figs. 3(c), 3(f), and 3(i), under 5%
tensile strain, the SHG susceptibility components follow the
relationship Xz<y2y) > %Zi and x}(}zz) > x)ﬁf). However, when a 5%
compressive strain is applied, the previously established order-

2
ing undergoes a complete reversal, resulting in xz@ < xixi and

12 < 1) (Figs. 3(a), 3(d), and 3(g)). The ability to mod-
ulate the dominance of different SHG components through
strain not only enhances the anisotropic characteristics of the
system, enabling the design of directional optical devices,
but also provides a powerful mechanism for ultrafast optical
switching, allowing femtosecond-scale control of optical re-
sponses for applications in ultrafast optical communication,

1661 jncluding struc-

[67.,68]

quantum optics, and label-free biosensing,
tural imaging and quality monitoring in food systems.

+5% strain

600 600
(a) P (b) Xz
_ 500
S TiS, Xyyz
T 400 Xzax
B 300 Xzyy
o Xzzz
iX@ 200
(e) Xazs (f) Xaaz
S yyz Xyyz
z 600 Xy 600 v
E Xzax Xzzx
a, o
= 400 Xeyy 400 Xavy
o Xzzz
a3
= 200 200
0
0 1 2 3 4 5
800
(g) Xzaz (h) Xzaz
2 3000 TiTe, Xoyz 600} || Xvyz
~ Xzzx ( Xzaa
g X IR — Xz
£ 2000 Wy 400} | | =y
— Xzzz ¥
= 1000 200
0 0 N WAV N e
0 1 2 3 4 5 0 1 2 3 4 5

Energy (eV)

Energy (eV)

Energy (eV)

Fig. 3. Dispersion of second-order nonlinear susceptibility elements for (a)—(c) TiS,, (d)—(f) TiSe,, and (g)—(i) TiTe, monolayers under tensile

and compressive strains of 5%, respectively.
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3.3. Comparison of SHG response and strain modulation
characteristics in ZX, monolayers

Except for TiX,, the SHG responses and strain modu-
lation of the remaining five ZX, monolayers (HfS,;, HfSe;,
HfTe,, ZrS,, and ZrTe,) were thoroughly investigated (see
Figs. S14 and S15). Due to their D,; space group symmetry,
all ZX, monolayers exhibit four nonzero second-order non-

linear susceptibility components, related by x§§2 =— )(yzz) and

xz(f,? =— Z%) Across the photon energy range, the xzfx com-
ponent is consistently larger than xxfz) Figure 4 presents the
maximum values of second-order nonlinear susceptibility el-
ements for both unstrained and strained ZX;. As shown in
Fig. 4(a), all unstrained monolayers display exceptional SHG
responses, with susceptibility components on the order of
10? pm/V. The SHG spectra also reveal a strong compositional
dependence, where the nonlinear susceptibility decreases from
Ti to Zr to Hf, with approximate magnitudes of 700 pm/V,
300 pm/V, and 200 pm/V, respectively.

800 N,
&) Unstrained g
60t § X
> | | | | | | |
~
g
£ 400}
af
=
200 }

T, ngegTjT%ZrS? Zr]vefffsg [ffse;ffjweg

4000 T e B e p
3000} B
= o X o
< P
£ 2000} i
A 3 -3 Xzzz
x

! 5% strained? | !
7’1’32 7’1@@97}7%21@2 Zr]wef[fsg ‘Ifgee‘lfjveg

—800

Fig. 4. The largest value of second-order nonlinear susceptibility el-
ements for (a) unstrained, (b) —5% strained (upper panel), and +5%
strained (lower panel) ZX, monolayers.

Upon strain application, the crystal symmetry of all ZX,

monolayers reduces to Cy,, breaking the relations x@ =

y(fz) and Xz(fx) =— xz(yzy) and resulting in the emergence of

a new XZZZZ component (see Figs. S14 and S15). For most
strained ZX, monolayers, XZ(ZZZ) remains around 30 pm/V, ex-
cept for TiTe, under —5% strain, where it reaches 85 pm/V. A
pronounced strain-induced enhancement of SHG is observed,
highly sensitive to elemental composition and most significant
in HfX; and TiX;. As illustrated in Fig. 4(b), the maximum

values of xz(xz,z and X;ZZZ) dramatically increase to 3925.7 pm/V

and 3637.44 pm/V, respectively, representing nearly an order
of magnitude enhancement over the unstrained systems. In
contrast, tensile strain produces a comparatively weaker en-
hancement; for example, at 5% tensile strain, xz‘f} in HfS,
increases from 160 pm/V to 600 pm/V. Notably, all ZX, sys-
tems exhibit a significant strain-driven component-switching
behavior, with the order of susceptibility components revers-
ing upon tensile or compressive strain application. As shown
in Fig. 4(b), the rankings of xé}zy) (%y(yzz)) and xg,z (xgg) undergo

reversible inversion: under 5% tensile strain, xy(yzz) < x§§2 and

XZ@ < XZ@, whereas the opposite trend appears under 5%

compressive strain. These remarkable strain-dependent re-
sponses inherently endow ZX, monolayers with promising po-

tential for flexible and nonlinear optical device applications.

3.4. SHG anisotropic patterns of ZX, monolayers

Nonlinear SHG responses can be analyzed by illuminat-
ing the material with a linearly polarized laser and detect-
ing various polarization components of the emitted SHG sig-
nal using an analyzer. Examining the angular dependence,
achieved through sample rotation or incident polarization tun-
ing, allows determination of the strain modulation effect on
the anisotropic SHG response. The SHG process is governed
by the coupling of the optical field E with the second-order
nonlinear susceptibility tensor as

P, (20) = Y &y Ea (@) Ey (0), @
a,b
where &) is the permittivity of vacuum and a, b, and ¢ can be
X, y, and z, respectively.
The optical field E consists of three components, E,, Ep,
and E,, incorporating both the incident pump angle 6 and the
polarization angle & as

E, Eycos(0)cos(a)
E, | = Eysin(a) , 3
E. Ejsin(0)cos(a)

where o and 6 represent the polarization and incident pump
angles, respectively. The parallel component /| and perpen-
dicular component /| of the SHG intensity can be described
as

1120) o< (—P.cos(8) + P.sin(0))*, 4)

I'(2w) =< P}. (5)

With the calculated second-order nonlinear susceptibility

components of unstrained and strained ZX, and their relation-

ship, the incident angle dependent SHG polarization compo-

nents as a function of crystal’s azimuthal angle and polariza-

tion angle for unstrained and strained monolayers can be fur-
ther denoted as (details are shown in Section S16).
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Fig. 5. SHG optical heatmap of the normalized parallel components for (a)—(c) unstrained, (d)—(f) 5% tensile strained, and (g)—(i) 5% compressive
strained TiX,, with photon energies chosen as 0.9 eV for TiS,, 0.6 eV for TiSe;, and 0.5 eV for TiTe,.

The expressions for the perpendicular polarization com-
ponents are analogous to those of the parallel components and
are provided in Section S16.

By simultaneously varying the azimuthal angle ¢ and the
polarization angle ¢, the normalized SHG heatmap for paral-
lel components of ZX> is obtained, as illustrated in Figs. 5, S17
and S18. For both unstrained and strained ZX, with the D,
and C,, space groups, the SHG response for these 2D materi-
als can be described by Eqs. (6) and (7). Evidently, the parallel
components for the unstrained ZX, (Il‘]‘nstrained) are related to
the SHG susceptibility tensor element )., whereas the par-
allel components for strained ZX, (Islltrained) are related to the
now unequal Xy, and x,y,. Figures 5(a)-5(c), S17(a)-S17(c),
and S18(a)-S18(c) present the SHG intensity heatmaps of un-
strained ZX,. When the polarization angle « is fixed, four
equally sized bright spots appear along the ¢ direction, indi-

cating fourfold rotational symmetry. In contrast, under both
tensile and compressive strain (Figs. 5(d)-5(1), S17(d)-S17(),
and S18(d)-S18(i)), the heatmaps exhibit twofold rotational
symmetry due to the structural point group transition from
D4 to C>,,. The normalized parallel components of the SHG
optical heatmap can be further tuned by applying tensile or
compressive strain, as strain induces a reversal in the relative
ranking of Yy, and y,,, (Figs. 5(d)-5(1), S17(d)-S17(), and
S18(d)-S18(i)). The optical heatmap of perpendicular SHG
intensity components exhibits a similar pattern to that of the
parallel components. As shown in Figs. S19-S21, the normal-
ized perpendicular components of the SHG optical heatmap
exhibit a transition from fourfold rotational symmetry in un-
strained ZX> monolayers to twofold rotational symmetry un-
der strain.
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(a) Iy for unstrained TiS,
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(d) I for +5% strained TiS,
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(b) I} for unstrained TiSe; (c) I} for unstrained TiTe;
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Fig. 6. The ¢-dependent anisotropic SHG patterns of parallel component for (a)—(c) unstrained, (d)—(f) 5% tensile strained, and (g)-(i) 5%
compressive strained TiX,, with photon energies chosen as 0.9 eV for TiS;, 0.6 eV for TiSe;, and 0.5 eV for TiTe,.

To further elucidate the strain modulation effect on SHG
intensity patterns in these 2D monolayers, we examined the
¢-dependent SHG response at a fixed polarization and inci-
dent angle (o = 30°, 8 = 45°). As shown in Figs. 6(a)-
6(c), S22(a)-S22(c), and S23(a)-S23(c), the ¢-dependent po-
lar plot patterns for the parallel component of the unstrained
monolayers exhibit four equally sized petals, reflecting Cy4 ro-
tational symmetry, which is markedly different from the typ-
ical six-petal pattern observed in hexagonal TMDs.[% This
observation is further supported by the SHG intensity expres-
sion, as shown in Eq. (6). When the polarization and inci-
dent angles are fixed, the expression simplifies to Iﬂnstraimd oc
[Asin (29 + 8)]%, which takes the form of sin®(2¢). This
trigonometric function exhibits four equally sized maxima,
consistent with the observed pattern.

With the presence of strain, the tetragonal lattices will be
distorted, altering the intrinsic second-order nonlinear coeffi-
cients. Correspondingly, a twofold ¢-dependent SHG pattern
for TiX, monolayers under tensile and compressive strains are
shown in Figs. 6(d)-6(i), S22(d)-S22(i), and S23(d)-S23(i).

This is mainly because strain breaks the original symmetry of

the materials, resulting in unequal intrinsic nonlinear suscepti-
bility elements xgz) #*— xy()zz) xz(f,g #*— xz(f}) and new emergent
nonlinear coefficients xz(zzz) . As shown in Eq. (7), compared
with the unstrained case, an additional term independent of
¢ emerges in the SHG intensity expression as the polariza-
tion and incident angle are fixed. Consequently, IS”trained can be
simplified to the form Is”trained o< [Asin (2¢ + 8) + C]*, with two
primary maxima and two secondary maxima. Consequently,
the SHG intensity pattern retains its four-petal configuration,
but the petals are redistributed into two pairs of distinct sizes.
As shown in Figs. 6(f)-6(h), due to the varying contributions
of the five independent second-order nonlinear susceptibility
coefficients in the strained structures, the smaller petal pair
may completely vanish, revealing a highly anisotropic SHG
pattern with responses confined to only two specific directions.
The evolution of the SHG polarization pattern for the perpen-
dicular component follows the same trend as that of the paral-
lel component, exhibiting a four-petal structure of equal size
in the unstrained monolayers, which transforms into two pairs

of equally sized petals under strain (Figs. S24-S26).
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4. Conclusion

In summary, the strain regulation mechanisms of struc-
tural characteristics, electronic properties, and SHG responses
in 2D ZX, monolayers are systematically investigated via
comprehensive first-principles calculations. We construct nine
tetragonal ZX> monolayers and identify eight stable monolay-
ers through cohesive energy and phonon calculations. The
electronic band structure can be modulated via strain engineer-
ing, leading to a strain-dependent SHG response. The applica-
tion of strain lowers the crystal symmetry, leading to distinc-
tive anisotropic characteristics in the second-order nonlinear
susceptibility tensor. First, the original symmetry-constrained
relationships xg) = - xy()zz) and Xz@ = - Z<)2y> are disrupted,
and new non-zero tensor components xzzzz emerge. As the
strain magnitude increases, these anisotropic features become
more pronounced. Second, strain-driven charge redistribution
and band gap reduction lead to a redshift in the prominent
peak of SHG spectra, accompanied by a significant enhance-
ment in the SHG response. Notably, the most pronounced en-
hancement is observed in TiTe;, where xgz) and xgg surge
from 700 pm/V to nearly 4000 pm/V under —5% compres-
sive strain. Third, strain-engineered nonlinear susceptibility
anisotropy reversal is revealed. The SHG component ordering
between xg; ( xy()z )) and x};? ( x&)) can be reversibly switched
under tensile and compressive strain, demonstrating a strain-
driven nonlinear optical switching effect. These findings pro-
vide valuable guidance for experimental investigations into
SHG behavior and the strain-driven tunability of NLO prop-

erties in 2D optoelectronic devices.
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