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Large Out-of-Plane Second Harmonic Generation
Susceptibility in Penta-ZnS, Sheet

Yiheng Shen, Yaguang Guo, and Qian Wang

Second harmonic generation (SHG) of 2D materials has received considerable
attention because of the enhanced response to the incident light as compared
to that of their bulk counterparts. A significant SHG effect in a new 2D
pentagon-based structure of ZnS, sheet, penta-ZnS,, is reported for the first
time. On the basis of first-principles calculations combined with global
structure search and independent particle approximation, penta-ZnS, is
found to be dynamically, thermally, and mechanically stable. Unlike most
reported 2D materials with only in-plane SHG response, penta-ZnS, exhibits
giant out-of-plane SHG susceptibility, which is two to three orders of
magnitude larger than that of Janus 2D materials, due to the lack of
centrosymmetry and out-of-plane mirror symmetry of its geometric structure.
The underlying mechanism of the large SHG effect can be applied to other
pentagon-based sheets consisting of different elements, thus expanding the
family of 2D materials with strong out-of-plane SHG response.

Second harmonic generation (SHG) is a nonlinear optical effect,
which has been hotly studied because of its strong response to
the incident light as compared to other high order nonlinear opti-
cal effects. SHG plays an important role in frequency conversion
and nondestructive testing such as upconversion!) and the detec-
tion of phase transition.?] The basic requirement for SHG effect
in a material is the breakage of its centrosymmetry, so that the
even order terms in electric polarization expansion can exist. For
instance, according to Miller’s rule (¥,,. = XuaXioo XecPunc)C) fer-
roelectric materials are the potential candidates for second-order
nonlinear optics because they have no inversion center, and their
first-order polarizations are relatively large. As a consequence,
bulk ferroelectric materials, such as KH,PO,,[¥l KNbO,,’l and
LiNbDO,,I have been found to possess good SHG properties. In
recent years, with the rapid development of 2D materials, large
SHG responses have been experimentally observed in many 2D
non-centrosymmetric materials including 2H-MoS,,[” h-BN,[®]
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2D perovskite,®) and Crl;,[" which are

much stronger than those of their bulk and
few-layered counterparts.l'!l For instance,
the SHG susceptibility of 2H-MoS, is three
orders of magnitude larger than that of
bulk MoS,.[”l Theoretically, the numerical
method for calculating SHG has been well
developed by applying the density matrix
method within the framework of perturba-
tion theory,['>13] which makes it possible to
find more 2D materials with SHG effect.
For example, lead/tin fluorooxoborates,!*]
GaSe monolayer,!”* and graphitic ZnS*¢]
have been theoretically predicted to exhibit
strong SHG effects. However, one common
feature of these nonlinear optical materials
studied so far is that their SHG responses
are confined within the in-plane direction,
while the out-of-plane SHG susceptibili-
ties are smalll’6'7] or completely lacking!'®]
because of the existence of mirror symmetry in the out-of-plane
direction. To date, a successful approach of breaking the out-of-
plane mirror symmetry for generating a remarkable out-of-plane
SHG signal is to employ the spontaneous electric dipole in Janus
nanosheets like a-In,Se, monolayer,'! but the preparation of
such materials is limited to physical exfoliation or physical vapor
deposition.[%1 The direct synthesis of Janus nanosheets from
reagents is still beyond current techniques.?? Therefore, it
is highly desirable to theoretically identify new 2D materials
that have no out-of-plane mirror symmetry and are feasible for
synthesis.

In recent years, 2D materials composed of pure pentagonal
structural units have attracted much attention since the theo-
retical prediction of penta-graphene in 2015.123] Numerous new
2D nanosheets constructed exclusively from pentagonal units
have been proposed,**!] and some of them have been exper-
imentally synthesized, including penta-PdSe,??-**] and penta-
silicene nanoribbons.3! Among these pentagon-based sheets,
all the penta-graphene-derived structures would exhibit out-of-
plane SHG responses because of their unique geometric con-
figurations with neither centrosymmetry nor out-of-plane mir-
ror symmetry. The out-of-plane SHG has been widely used to
detect the vertical polarization in 2D materials like Janus tran-
sition metal dichalcogenides!??] and In,Se;,!"”! which can real-
ize the ultrafast, noncontact, and noninvasive characterization
of lattice structure, chemical bonding as well as stacking order
of these 2D nanosheets. In addition, the successful synthesis of
such pentagon-based materials!®?~3°] suggests that their prepara-
tion might be more feasible than that of Janus nanosheets.
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Figure 1. Top and side views, buckling height, and the relative energy per ZnS, formula unit of the four energetically low-lying structures of ZnS, sheet.

In this work, inspired by the rich nonlinear optical properties
of bulk ZnSB% and the weak out-of-plane SHG response of its
hexagonal 2D allotrope, ' we build a penta-graphene-like sheet,
named penta-ZnS,, and perform global structure search com-
bined with state-of-the-art theoretical calculations to confirm the
energetic, dynamic, thermal, and mechanical stability of this new
structure. We show that penta-ZnS, exhibits strong out-of-plane
SHG response, differing from other 2D materials with strong in-
plane SHG.

First-principles calculations based on density functional theory
are carried out by using the Vienna ab initio simulation package
(VASP),3738] where the projected augmented wave method'*! is
used to describe electron—ion interactions, and the generalized
gradient approximation!*’] with the Perdew—Burke-Ernzerhof
(PBE) functional*!l is used for the exchange-correlation. The
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional > is fur-
ther used to obtain an accurate electronic structure. The k-point
sampling for integration in the first Brillouin zone is set as 11
x 11 X 1 for geometry optimization, and 25 X 25 X 1 for elec-
tronic structure calculations. The energy cutoff and the conver-
gence thresholds of total energy and inter-atomic force are set to
500 eV, 10~% eV, and 107¢ eV-A~!, respectively. A vacuum space
of 13 A is adopted to avoid the interactions between the periodic
images along the out-of-plane direction.

Global structure search for the ground state configuration of
2D ZnS, sheet is carried out with a population size of 30 for 30
generations by using the particle swarm optimization method
within the evolutionary scheme as implemented in the Crystal
structure AnalYsis by Particle Swarm Optimization (CALYPSO)
code,[***] and over 500 initial structures containing up to four
formula units of ZnS, per cell are generated during the search-
ing process. The phonon property is calculated by using the fi-
nite displacement method implemented in the phonopy code,“!
and the temperature fluctuation in ab initio molecule dynamic
(AIMD) simulations is performed by using the Nosé-Hoover
thermostat.[*’]

The SHG susceptibility tensor y?(—2w, w, ) is calculated by
using the package developed by Zhang’s group!*®! based on the
independent particle approximation,['>*) where the SHG tensor
is evaluated by the sum of the pure interband contributions y,
and mixed interband and intraband processes y;, both of which
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can be deduced from the electronic structure. The details can be
found in Text S1, Supporting Information. The electronic struc-
ture for the above calculations is obtained at the PBE level with a
dense k-point sampling of 99 x 99 x 1. In addition, to compen-
sate for the underestimated band gap at this level, the difference
between the band gaps at the PBE and HSEOG6 levels is applied to
the scissors correction in the SHG calculations.'”% For all the
components of SHG susceptibility tensor calculated, the errors
caused by the ill-defined in-plane intensity of polarization and
out-of-plane electric field in the 3D lattice of a 2D material can
be cancelled out (see Text S2, Supporting Information for more
details).

We fit Zn and S atoms in the penta-graphene structure!?*! by re-
placing the sp® and sp? hybridized C atoms with Zn and S atoms,
respectively, leading to the atomic ratio of Zn to S being 1:2. As
shown in Figure 1a, the optimized structure of ZnS, remains the
pentagonal configuration with a tetragonal lattice (P-42,m, space
group no.113) and lattice parameters of a = b = 5.07 A, where
each unit cell contains two Zn and four S atoms at the Wyck-
off positions 2b (0, 0, 0.5) and 4e (0.147, 0.647, 0.589), respec-
tively. We call it penta-ZnS,. The optimized Zn-S and S-S bond
lengths in penta-ZnS, are 2.36 and 2.10 A, which are compara-
ble to those in bulk ZnS and Sg molecule, respectively. In this
structure, there is neither centrosymmetry nor out-of-plane mir-
ror symmetry because of its special geometry with the four-fold
coordinated Zn atoms in the middle and the three-fold coordi-
nated S dimers above and below.

To confirm the energetic stability of penta-ZnS,, we perform
global structure search with the formula ZnS, by using the CA-
LYPSO code,[*+%] where over 500 initial structures are generated
via the particle swarm optimization algorithm and optimized
to their local minimums on the potential energy surface. The
energetically low-lying structures and their relative energies (AE)
with respect to the lowest energy configuration of ZnS, sheet
are plotted in Figure 1b-d. They all are bulked 2D nanosheets
with buckling heights varied in a range of 1.81-2.89 A, where
the Zn atoms are four-fold coordinated and separated by the
sulfur atoms. Penta-ZnS, is found to be the energetically most
stable configuration with its total energy lower by 0.24, 0.36, and
0.47 eV per formula unit than the other three configurations,
respectively. To understand the energetic stability of penta-ZnS,,
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Figure 2. a) Phonon spectrum of penta-ZnS,. b) Energy fluctuations of penta-ZnS, during AIMD simulations at different temperatures.
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Figure 3. a) Young’s modulus and Poisson’s ratio of penta-ZnS, with respect to stress orientation. b) Strain energy with respect to lateral strain £, under

different axial strain &,.

we compare the Zn-S bond lengths and £S-Zn-S bond angles
in penta-ZnS, with those in the other low-lying structures. The
results are given in Table S1, Supporting Information. We find
that although the Zn-S bond lengths in the four structures are
comparable with each other, the nonequivalent bond angles
£S-Zn-S in penta-ZnS, are 108.9° and 110.6°, close to the ideal
value (109.5°) of the atoms in sp® hybridization, while those of
the other structures deviate a lot from the ideal value. Thus, we
attribute the high stability of penta-ZnS, to the low torsion in its
geometry because of the sp* hybridization of Zn atoms.

We then examine the dynamical stability of penta-ZnS,. The
lack of imaginary modes in the entire Brillouin zone of the cal-
culated phonon spectrum, as shown in Figure 2a, indicates that
penta-ZnS, is dynamically stable. We then examine the thermal
stability of penta-ZnS, by performing AIMD simulations at dif-
ferent temperatures. Initially, we carry out the AIMD simulation
at 500 K for 10 ps with a time step of 1 fs, using a 3 x 3 supercell
to minimize the fake stability caused by the periodic boundary
conditions. The total potential energy during the heating process
fluctuates around a constant within a narrow range of +1 eV per
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super cell, as shown in Figure 2b, and no obvious reconstructions
are found in the geometry of the supercell at the end of the sim-
ulation (see Figure S1, Supporting Information), confirming the
thermal stability of penta-Zn$, at 500 K. The heating temperature
is further increased to 1000 and 1200 K, respectively, and the ther-
mal stabilities in both cases are verified. Therefore, penta-ZnS,
is thermally stable and can withstand temperature up to 1200 K.

We study the mechanical properties of penta-ZnS, by calcu-
lating its stiffness tensor C. For a 2D tetragonal structure, there
are only three nonzero independent components in the stiff-
ness tensor under Voigt notation,>!) namely C;; = 345 N-m™1,
Cp, = 1.01 N-m™, and C;, = 14.5 N-m™!. These values meet
the requirement of Born-Huang criteria, where C;; > C;, and
Cye > 0.5% Thus, the structure is mechanically stable. The me-
chanical properties along an arbitrary strain direction are then
deduced from the stiffness tensor in that direction C’ based on
the formula C' = T™'- C - R - T- R7!, where T is the tensor
rotation matrix and R = diag(1, 1, 2) bridges the gap between
engineering and tensor strain, and the results are presented in
Figure 3a. The Young’s modulus E of penta-ZnS, shows little
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Figure 4. a) Electronic band structure, DOS, and PDOS (the dashed lines for the results at the PBE level), and b) spatial distribution of the deformation

charge density (isosurface values = +0.005 A=3) of penta-ZnS,.

anisotropy, and its maximum is found at the in-plane axial di-
rections, where E = C;; — C},2/C;; = 345 N-m™!, and is only
one tenth of that of graphene.®}] In contrast, the Poisson’s ra-
tio v is highly anisotropic because its minimum is found at the
in-plane axial directions, where v = C,/C;; = 0.03, and its max-
imum value of 0.10 is found at the [110] direction and its equiv-
alents. To confirm the small value of v at the axial directions,
the uniaxial strain of 3% and 7% along the x-axis is applied to
the penta-ZnS, lattice, and the lateral strain along the y-axis is
scanned for the strain energy minimum with a step length of
0.1%. The minimal strain energies in the two cases are found to
be 0.024 and 0.130 eV at —0.1% strain, as indicated by the arrows
in Figure 3b, confirming the low Poisson’s ratio of penta-ZnS,.
The small Young’s moduli and low Poisson’s ratios along the ax-
ial directions could make penta-ZnS$, a flexible substrate without
yielding significant inner stress in heterostructures.

We investigate the electronic properties of penta-ZnS, at the
HSEO06 level. The calculated electronic band structure and den-
sity of states (DOS) are plotted in Figure 4a. The band structure
calculated at the PBE level is also given for comparison. The indi-
rect band gap of penta-ZnS, at the HSEO06 level is 3.34 eV, which
is 1.08 eV larger than that at the PBE level. In spite of the differ-
ent values of the band gap, the band dispersions at the two levels
are similar, so the scissors-corrected PBE electronic structure can
be introduced for calculating SHG susceptibility. The DOS near
the Fermi level is contributed from the projected DOS (PDOS)
of the Zn and S atoms. As suggested by the spatial distribution
of deformation charge density in Figure 4b, covalent bonding
exists in the S-S dimers, while Zn—S bonds are predominantly
ionic. In fact, using the Bader charge analysis,***! we find
that each Zn atom transfers 0.88 electrons to each of the S,
dimers.

We evaluate the SHG property of penta-ZnS,. The four-fold
rotary-inversion axis in this structure guarantees a highly re-
duced SHG susceptibility tensor, allowing only four independent
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tensor components show a crossover between the direction
of SHG response and the incident electric field is allowed by
the symmetry constraints of this structure, where the in-plane
electric field alone contributes to the out-of-plane polariza-

)

tion via ;(3(? and y,’’, and the out-of-plane electric field is also

317
necessary for the in-plane polarization via ;(ﬁ) and ;(f?. This
symmetry-induced crossover is uncommon in 2D materials.

We deduce the tensor components of the SHG susceptibility of
penta-ZnS, from its electronic structure at the PBE level. To com-
pensate for the underestimated band gap at this level, the scissors
correction of the band gap difference A = 1.08 eV is applied to the
SHG properties calculations. The nonzero SHG susceptibilities
are calculated, and only the SHG signals below the minimal band
pair energy of 3.71 eV are considered in the following analysis be-
cause of the dominant linear optical absorption beyond this limit.
The convergence test of the SHG property with respect to the den-
sity of k-points shows that a k-point mesh of 99 x 99 x 1 leads to
a good convergent result, as illustrated in Figure S2, Supporting
Information. The imaginary parts of the converged nonzero in-
dependent SHG susceptibilities are plotted in Figure 5, and their
real parts and moduli are plotted in Figure S3, Supporting Infor-
mation. Unlike previously reported 2D materials with major in-
plane SHG response, '’ penta-Zn$, has a stronger out-of-plane
SHG response than its in-plane one. Among the four indepen-
dent SHG susceptibilities, Im[ ;(i?] has the most significant peak
value of —8.32 pm V! at 3.19 eV, whose absolute value is about an
order of magnitude larger than that of the minor ones. In compar-
ison, the imaginary part of the largest out-of-plane susceptibility
;(3(21) in the buckled ZnS sheet is in the order of 0.01 pm V~L.[1
The static SHG susceptibilities of penta-ZnS, satisfy Kleiman’s
symmetry,['l where only two independent values )(3(? (0)= ;(l(i) (0)
—0.078 pm V-! and ;(3(21)(0)= ){{? (0) = 0.044 pm V! exist.

Next, we explain the relationship between the electronic struc-
ture of penta-Zn$, and its SHG susceptibility by tracking the evo-
lution of its density matrix p.

e

ihg, = [Hy—er-Ep]=[H, + H p]

1)
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Figure 5. Imaginary part of SHG susceptibility of penta-ZnS,.

where H = —er- E is the Hamiltonian for the interaction between
the incident electric field and the electrons in materials, and is
treated as a perturbation to H,. For a crystalline material, the po-
sition operator r originates from the interband-transition term r,
and the intraband-transition term r,. The effect of incident elec-
tric field on the density matrix can then be described by the fol-
lowing recursion formula:

apt)
ot

= {{Hy o]+ [ o)) @

where p" is the nth-order perturbation term of the density matrix
punder the incident electric field. Thus, p? for the SHG property
is determined by H, and p!Y, namely the band structure and the
linear optical response of penta-ZnS,. p® can also be distributed
to the pure interband transition and mixed interband/intraband
transition according to the origin of term r in H', which are asso-
ciated with the interband and intraband contribution to the SHG
susceptibilities, respectively.

The contribution from different mechanisms to the imaginary
part of both the major SHG susceptibility and the minor ones is
presented in Figure 6a—d. The interband and intraband contri-
butions to each SHG susceptibility are comparable in magnitude
and tend to oppose each other throughout the examined spec-
trum. The connection between the SHG property and the linear
optical property of penta-ZnS, is illustrated by the comparison
between the imaginary parts of the SHG susceptibilities and
those of the dielectric functions ¢, and ¢,,, which are obtained
at the PBE level using the identical k-point mesh and scissors
correction in SHG calculations. The calculated results are plotted
in Figure 6e,f. The mutual extremums in Im[ y?] and Im[e(w/2)]
are also marked in Figure 6 by the dashed/dash-dotted lines,
where the major peaks of the interband and intraband contri-
butions in a same SHG susceptibility can be related to both
Imle,.(w0/2)] and Imle,,(w/2)]. Such pattern in the mapping
between SHG and linear optics shows in a nutshell how the
crossover between the direction of SHG response and the
incident electric field works. In the meantime, the connection
between the SHG property and the band structure is analyzed by
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d) ;(1(‘2‘), and dielectric function e) ¢, (w/2) and f) €, (w/2) of penta-ZnS,.

made contributions to the SHG susceptibility a) ;(3(?, b) )(3(?, ) xic , and

using the k-point resolved dielectric functions. The peak value of
Ime,, (w/2)] (3.90 at /2 = 3.19 €V) is relevant to that of Im[ 7],
and mainly contributed from the transitions at the high symme-
try point M in the first Brillouin zone, as shown in Figure 7a.
The summed-up contribution from all band-to-band transitions
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Figure 7. a) Normalized k-point resolved Im[e,, (w/2)] at the peak value at /2= 3.19 eV; b) the contribution from interband transition VBM-2-CBM+2;
and c) band structure of penta-ZnS, at the PBE level with scissors correction.
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Figure 8. Anisotropic SHG response to the incident electric field along the a) parallel and b) perpendicular directions of penta-ZnS,.

at each k-point is further decomposed to particular band-to-band
transitions, which are plotted in Figure 7b and Figure S4,
Supporting Information. The degenerated VBM-2-CBM+2 and
VBM-3-CBM+3 transitions at the high symmetry point M, as
marked by the red arrow on the scissors-corrected band structure
in Figure 7c, are the major contribution to the peak value of
Im[e,,(w/2)]. Minor contributions from several other transitions
on the high symmetry paths are also noted in dashed blue arrows
on the scissors-corrected band structure. It is worth noting that,
in the two translations responsible for the major contribution,
the excited electron tends to transfer from the negatively charged
S atoms to the positively charged Zn atoms, as shown in the
band-decomposed charge densities in Figure S5, Supporting
Information, implying the polarized Zn—S bonds in penta-ZnS,
being the origin of its strong out-of-plane SHG susceptibility.
We further evaluate the overall SHG response of penta-ZnS,.
The incident electric field along an arbitrary direction is decom-
posed into three axial directions denoted by (90°, 0°), (90°, 90°),
and (0°, 0°) using spherical coordinate (0, @), respectively. The
overall SHG susceptibility is decomposed to ll(lz " and 4%, cor-
responding to parallel and perpendicular to the incident electric

field. The squares of their moduli, written as | }(I(IZ |2 and | )(f) 12,
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are proportional to the SHG intensity, as shown in Figures 8a
and 8D, respectively. Because of the crossover between the di-
rections of the incident electric field and its SHG response, the
maxima of | )(‘(‘2 )|zare found at the incident electric fields along
the directions that deviate equally from the three axial direc-
tions, where a compromise between the stronger ;(3(? response at

a larger 0 and the larger contribution of ;(3(? to )(‘(‘2 ) at a smaller 6
is reached. Meanwhile, the maxima of | ;(f) |2 are found at the in-
cident electric fields along the [110] direction and its equivalents,
and is also mainly contributed from ;(3(?.

Using first-principles calculations combined with global struc-
ture search and independent particle approximation, we have
found that penta-ZnS, is the ground state configuration of 2D
ZnS, nanosheet. The remarkable stability is attributed to its
unique structural features with all the Zn atoms in sp® hybridiza-
tion. Penta-ZnS, is a semiconductor with an indirect bandgap of
3.34 eV and possesses low Poisson’s ratio. More interestingly, dif-
ferent from most 2D materials, penta-ZnS, exhibits strong out-
of-plane SHG response originating from the breakage of both
centrosymmetry and out-of-plane mirror symmetry. Especially,

the most significant SHG susceptibility is )(g?, which is two to
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three orders of magnitude larger than that of Janus 2D materials.
These findings demonstrate that penta-graphene-like geometry
is a promising structural paradigm for developing 2D materials
with strong out-of-plane SHG. We hope that this study can stim-
ulate experimental efforts in exploring nonlinear optical proper-
ties of pentagon-based 2D materials going beyond conventional
hexagon-based 2D materials.
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the author.
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