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monic generation in a penta-CdO2

sheet exfoliated from its bulk phase†

Changsheng Hou,a Yiheng Shen,a Qian Wang, *a Y. Kawazoebcd and P. Jena e

Two-dimensional (2D) materials composed solely of pentagonal motifs are of particular interest due to their

unique geometries and novel properties. Especially, the broken centrosymmetry and in-plane mirror

symmetry in penta-graphene-like materials result in both in-plane and out-of-plane second harmonic

generation (SHG). Transition metal cations with a filled d10 shell (d10-TM) can significantly enhance the

SHG response as found in many previously studied bulk materials. Here, based on first-principles

calculations combined with independent particle approximation, we show that large SHG can also exist

in some 2D d10-TM oxides, such as penta-CdO2, which can be chemically exfoliated from its bulk phase

with its dynamical, thermal, and mechanical stability intact. We further find that penta-CdO2 possesses

extraordinary in-plane and out-of-plane SHG responses with large static SHG susceptibilities of

csheet
14 (0) = csheet25 (0) = csheet36 (0) = 8.86 pm2 V−1 due to the phase-matching between fundamental and

second-harmonic light. In addition, the low thermal expansion and a large optical band gap of 3.24 eV

endow the penta-CdO2 sheet with a high laser-induced damage threshold. Discussions are also made

on the penta-ZnO2 sheet. This study expands the family of 2Dmaterials with outstanding SHG performance.
1. Introduction

Nonlinear optics has attracted signicant interest due to its
important role in photonic applications including ultrafast
lasers,1 frequency conversion,2 photodetectors,3 and optical
modulator/switches/memories.4 As one of the leading nonlinear
optical responses, second harmonic generation (SHG) is one of
the hotly pursued topics because it is more easily observed in
experiments as compared to other higher-order nonlinear
optical effects. In general, SHG materials are non-
centrosymmetric and non-metallic. Therefore, even order
terms can exist in their electric polarization expansion (P =

30c
(2)E2 + 30c

(4)E4 +. + 30c
(2n)E2n). Since the few-atom thickness

of the 2D materials is far below the coherence length of
photons, the phase-matching condition is usually satised,
making the SHG response strong enough for observation and
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utilization.5 Thus, many non-centrosymmetric 2D materials
with large SHG responses have been theoretically predicted and
experimentally observed in recent years, including 2H-MoS2,6 h-
BN,7 2D CrI3,8 2D GaSe,9 2D SnSe,10 2D perovskite,11 a-Sb and a-
Bi.12 In addition, the inversion symmetry of some centrosym-
metric bulk materials is broken when thinned down to 2D
materials, providing more opportunities to generate SHG
responses.13 However, the mirror symmetry in the out-of-plane
direction hinders the out-of-plane components of the SHG
matrix. For instance, odd-layer MoS2 sheets with D3h symmetry
possess only one inequivalent in-plane SHG coefficient.6 If the
out-of-plane mirror symmetry could be broken, the SHG
performance would be enhanced. Currently, one of the
successful approaches to break the out-of-plane mirror
symmetry for a remarkable out-of-plane SHG signal is to
construct Janus structures, as in the case with a-In2Se3,14 where
the out-of-plane SHG susceptibility spectra enable ultrafast,
simple, and noninvasive characterization of the vertical polari-
zation, lattice symmetry, number of layers, and stacking
sequence.

Comparied with most 2D non-centrosymmetric materials
constructed from highly symmetric hexagonal motifs, penta-
graphene-like materials exhibit both in-plane and out-of-plane
SHG responses, as found in penta-ZnS2.15 Since the theoretical
prediction of penta-graphene,16 over one hundred new pentag-
onal 2D materials have been theoretically proposed and some,
experimentally synthesized.17,18 It is interesting to note that the
top-down approach has been successfully used for the synthesis
of pentagonal 2D materials. For example, penta-PdSe2 was
J. Mater. Chem. A
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prepared by exfoliating bulk PdSe2 in the marcasite phase,19 and
penta-FeS2 was synthesized by chemically cleaving bulk iron
pyrite via liquid-phase exfoliation.20 Thus, it is important to nd
new stable pentagonal sheets with extraordinary SHG perfor-
mance that could potentially be synthesized frommarcasite and
pyrite materials. Techniques such as chemical vapor deposi-
tion21 and molecular beam epitaxy22 have also been used in the
past to synthesize 2D pentagonal sheets. These include penta-
PdSe2, penta-silicene nanoribbon synthesized via physical vapor
deposition,23 penta-PdS2 fabricated by sulfurization of a Pd
lm,24 and penta-NiN2 synthesized using a high-pressure
approach.25

For the application in an optical device, high-quality SHG
materials should satisfy several requirements including high
SHG efficiency (a large static SHG susceptibility), moderate
birefringence (0.06# Dn# 0.1) to achieve phase-matching, and
a high laser-induced damage threshold (LIDT) value in addition
to high chemical and physical stabilities and easy-to-synthesize
single crystals.26 Since metal oxides have a strong absorption
edge, and usually exhibit wide optical band gaps and high LIDT,
they have received extensive attention in the design of high-
performance SHG materials.27 Since d10-transition metal (d10-
TM) cations (e.g. Zn2+, Cd2+, Hg2+, etc.) are electron rich, have
exible bonding, and possess polar displacement features, they
can be expected to induce much larger polarizability and
deformability, stimulating great interest in the design of bulk
SHG materials containing d10-TM.28–32 Thus, it is possible that
2D d10-TM oxides, entirely composed of pentagon motifs, would
exhibit large SHG susceptibility, moderate birefringence to
achieve phase-matching, and high LIDT. This expectation
motivated us to carry out this study.

2. Computational methods

First-principles calculations are performed within the frame-
work of density functional theory (DFT) implemented in the
Vienna Ab initio Simulation Package (VASP).33 The projected
augmented wave (PAW)34 method is used to treat interactions
cbulk
abc;iðuÞ ¼

i

2

e3

ħ2U

X
nm;k

fnm

2
666666664

2

umnðumn � 2uÞrnm
a
�
rnm;c
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umnðumn � uÞ
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armn
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umn
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�
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umn � u
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�
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rmn
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cDmn
b
�

� 1

2umnðumn � 2uÞ
�
rnm;a

brmn
c þ rnm;a

crmn
b
�

3
777777775
: (3)
between ion cores and valence electrons. The Perdew–Burke–
Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA)35 is used to describe the electronic
exchange–correlation interaction. The hybrid Heyd–Scuseria–
Ernzerhof (HSE06)36 functional is further applied to obtain
accurate band structures. The energy cutoff, the convergence
thresholds of total energy and inter-atomic force are set to
J. Mater. Chem. A
600 eV, 10−8 eV, and 10−6 eV Å−1, respectively. The rst Brillouin
zone is represented by a 11 × 11 × 1 k-point grid using the
Monkhorst–Pack scheme.37 The vacuum space is set to 18.28 Å
in the nonperiodic direction to avoid interaction between two
adjacent layers. The phonon spectra are calculated using the
nite displacement method implemented in the Phonopy
code38 and a 5 × 5 × 1 supercell. The temperature in ab initio
molecular dynamics (AIMD) simulations is controlled by using
the Nosé–Hoover thermostat.39 The elastic constants are calcu-
lated using the nite difference methods.40

The SHG susceptibility is described by using a third-rank
tensor cabc

(2)(−2u, u, u), dened as Pa(2u) = cabc
(2)(−2u, u,

u)Eb(u)Ec(u), where P(2u) is the second-order term of electric
polarization, E(u) is the fundamental light induced electric
eld, and a, b, c ˛ {x, y, z}. The cabc(u) is calculated within the
independent particle approximation41 by using the package
developed by Zhang's group,42 where the SHG tensor can be
expressed by the sum of contributions from the pure inter-band
process cabc,e(u) and the mixed inter-band and intra-band
process cabc,i(u), both of which can be deduced from the elec-
tronic structure. The tensor component cbulk

abc (u) of a bulk
material is calculated by using

cbulkabc (u) = cbulkabc,e(u) + cbulkabc,i(u). (1)

Here, cbulk
abc,e(u) is the contribution from the pure inter-band

contribution and has the following form,

cbulk
abc;eðuÞ ¼

e3

ħ2U

X
nml;k

rnm
afrnmarml

brln
cg

ðuln � umlÞ
�

2fmn

umn � 2u
þ fln

uln � 2u

þ fml

uml � u

�
: (2)

cbulkabc,i(u) is the contribution from the mixed inter-band and
intra-band process that includes the modulation of linear
polarization by the intra-band motion (the rst three terms),
and the intra-band motion modied by the polarization energy
associated with inter-band motion of electrons (the last term).
Here,U is the volume of the periodic cell, fnm= fn− fm, unm= un

− um, and Dnm = vnn − vmm are the differences of the Fermi
distribution function, energy, and electron group velocity
between the nth and mth bands, respectively. The operator rmn

a

= pmn
a/imumn is the position operator rmn projected on axial

directions, which can be derived from the momentum matrix
component pmn. {rnl

brlm
a} is dened as 1/2(rnl

brlm
a + rnl

arlm
b).
This journal is © The Royal Society of Chemistry 2022
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rnm;a
b is the generalized derivative of the coordinate operator in

momentum space and has the form,

rnm;a
b ¼ rnm

aDmn
b þ rnm

bDmn
a

unm

þ i

unm

X
l

�
ulmrln

arlm
b � unlrnl

brlm
a
�
:

(4)

The static SHG susceptibility can be obtained by using the
Kramers–Kronig transformation,43

cbulk
abc ð0Þ ¼ Re

�
cbulk
abc ð0Þ

	 ¼ 2

p
P

ðN
0



Im

�
cbulk
abc ðuÞ

	�
u
�
du: (5)

To obtain a converged SHG susceptibility tensor, the elec-
tronic structures are calculated at the PBE level with a very
dense k-point sampling of 99 × 99 × 1. Since the PBE/GGA
underestimates the band gap in the calculation of optical
properties, the scissor approximation is applied where the
difference between the band gaps is obtained at the PBE and
HSE06 levels in SHG calculations.44 For 2D materials, it is
necessary to replace the volume U in eqn (2) and (3) with the
area of the 2D plane of the unit cell, as the volume depends on
the thickness of the vacuum space in the normal direction of 2D
materials.10 Thus, the unit of the sheet SHG susceptibility
csheetabc is pm2 V−1.

The linear optical properties of bulk materials are obtained
from the complex frequency-dependent dielectric function
3bulkij (u). The imaginary part Im[3bulkij (u)] is calculated by using
the following equation:45

Im
h
3bulkij ðuÞ

i
¼ 2e2p

U30

X
k;v;c



�jc
kjû � rjjv

k

�

2d�Ec
k � Ev

k � E
�
: (6)

Here, u and e represent the incident electric eld and elemen-
tary charge, while ckc and cv

k denote the conduction band and
valence band wave function at the given k point, respectively.
The real part Re[3bulkij (u)] is obtained from the imaginary part
based on the Kramers–Kronig dispersion relation:46

Re
h
3bulkij ðuÞ

i
¼ 1þ 2

p
P

ðN
0

u
0 2
Im

h
3bulkij ðuÞ

i
u

0 2 � u2
du

0
: (7)

Here, P denotes the principal value.
The real and imaginary dielectric functions of 2D materials

also need to be renormalized due to the thickness-dependent
volume U in eqn (6). Therefore, we use the following
formulae47 to calculate the dielectric functions of the penta-
CdO2 sheet 3

sheet
ij (u):

Re
h
3sheetij ðuÞ

i
¼ 1þ Lz

Leff
z

n
Re

h
3bulkij ðuÞ

i
� 1

o
: (8)

Im
h
3sheetij ðuÞ

i
¼ Lz

Leff
z

Im
h
3bulkij ðuÞ

i
: (9)

Here, Lz is the cell length along the normal direction of the
sheet, and Leffz is the effective length, which is determined as the
sum of the van der Waals thickness (3.4 Å on each side of the
sheet) and the thickness (d2D) of the 2D material via the
This journal is © The Royal Society of Chemistry 2022
equation, Leffz = 3.4 Å × 2 + d2D. Tests for the thickness inde-
pendence of our calculated SHG susceptibility and dielectric
function are carried out. The details can be found in Fig. S1 in
the ESI.†
3. Results and discussion
3.1 Structure and stability

The 2D frameworks featuring the Cairo pentagonal tessellation
exist in the marcasite and pyrite materials with Pnnm symmetry
(space group no. 58), and Pa�3 symmetry (space group no. 206),
respectively.48 Hence, it is possible to obtain the corresponding
pentagon-based sheets by using physical or chemical exfoliation
techniques. We rationally search for pentagonal d10-TM oxide
sheets from their bulk counterparts containing internal
pentagonal layers. The searching starts from an initial set of
crystals extracted from the Materials Project (MP) database,49

retrieving entries with one d10-TM element and oxygen, where
we only consider the compounds matching the experimentally
determined materials in the Inorganic Crystal Structure Data-
base (ICSD).50 Under these conditions, the initial dataset
provides 45 bulk structures for further analysis, as summarized
in Table S1 in the ESI.† Then, according to the features of the
marcasite and pyrite unit cells, we use the space group
symmetry (Pnnm, Pbca or Pa�3), the stoichiometry (1 : 2 or 2 : 1),
and 12 atoms per unit cell as descriptors to identify bulk
materials with a pentagonal conguration. These combined
criteria reduce the original set of the 45 bulk structures to 3
structures (ZnO2, CdO2, and HgO2). We then directly extract
pentagonal sheets from the bulk materials. The fully optimized
geometries of the pentagonal sheets extracted from bulk ZnO2

and CdO2 exhibit a penta-graphene-like conguration with
P�421m symmetry (space group no. 113), which are termed as
penta-ZnO2 and penta-CdO2, respectively. The fully optimized
pentagonal sheet extracted from bulk HgO2 possesses a penta-
PdSe2-like19 conguration with P21/c symmetry (space group no.
14), which is named penta-HgO2. In the next step, we obtain
their phonon spectra to check their dynamic stabilities. The
results plotted in Fig. S2† show that penta-ZnO2, penta-CdO2

and penta-HgO2 are all dynamically stable as no any imaginary
modes are found in the rst Brillouin zones of their phonon
spectra. Only the penta-graphene-like conguration of
pentagon-based sheets can exhibit both in-plane and out-of-
plane SHG responses.15 The other two typical types including
penta-PdSe2-like and penta-NiN2-like25 congurations are
centrosymmetric, which do not meet the basic requirements to
exhibit SHG, thus reducing the original set of the three struc-
tures to two stable structures, namely, penta-ZnO2 and penta-
CdO2. Since the difference in electronegativity of Cd and O
atoms (1.75) is smaller than that of Zn and O atoms (1.79), the
Cd–O bond is more covalent than the Zn–O bond, and the
electrons in the Cd–O bond are expected to exhibit a stronger
response under an electric eld than that in the Zn–O bond,
implying a stronger SHG response in penta-CdO2. Hence, we
choose the penta-CdO2 sheet for further investigation. More
details on penta-ZnO2 can be found in the ESI.†
J. Mater. Chem. A
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Fig. 1 (a) Top and side views of the optimized geometry, and (b) phonon spectrum of penta-CdO2. (c) Total potential energy fluctuation of
penta-CdO2 with time during the AIMD simulation at 400 K. (d) Simulated constant height STM image with bias voltage Vbias = −1 mV, and (e)
simulated XRD pattern of the penta-CdO2 sheet.
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The optimized geometry and phonon spectrum of the penta-
CdO2 sheet are presented in Fig. 1(a and b). The unit cell
contains two Cd and four O atoms, which occupy two
nonequivalent Wyckoff positions, namely, 2b (0.500, 0.500, and
0.500) and 4e (0.605, 0.105, and 0.543), respectively. Its lattice
parameters are a= b= 5.00 Å. The Cd–O, and O–O bond lengths
are 2.22 Å and 1.49 Å, respectively. The buckling height of the
penta-CdO2 sheet is 1.72 Å. To explore the feasibility of its
experimental synthesis, we calculate the exfoliation energies of
the monolayer and bilayer penta-CdO2, which are dened as

EexfðnÞ ¼
h
EisoðnÞ � n

m
Ebulk

i.
A: (10)

Here, Eexf(n), Eiso(n), and Ebulk denote the exfoliation energy, the
energy of the exfoliated sheet, and the energy of the bulk
material, respectively. The parameters n, m and A are the
number of layers in the exfoliated sheet and the bulk material,
and the surface area of the bulk material, respectively. The
calculated exfoliation energies of the monolayer and bilayer
penta-CdO2 are 0.85 J m−2 and 0.12 J m−2, which are compa-
rable to those of graphene51 (0.37 J m−2) and phosphorene52

(0.35 J m−2 for the monolayer and 0.37 J m−2 for the bilayer),
indicating that it is possible to obtain the penta-CdO2 sheet
from its bulk counterpart.

The thermal stability of penta-CdO2 is examined by per-
forming AIMD simulations at 400 K. The duration of the
simulation is 10 ps with a time step of 1 fs. To ensure that the
observed stability is not caused by the constraints of periodic
boundary conditions, a 4 × 4 × 1 supercell is used in the
simulations. As shown in Fig. 1(c), the total potential energy
uctuates slightly around a constant value during the
J. Mater. Chem. A
simulation and the geometry does not suffer signicant
distortion at the end of the simulation, which indicates that the
penta-CdO2 sheet is thermally stable at 400 K.

The simulated scanning tunneling microscopy (STM) image
is graphically plotted as shown in Fig. 1(d). One can see that
some O–O dimers are brighter than the others, reecting the
buckled feature of this sheet. The simulated X-ray diffraction
(XRD) of penta-CdO2 is also carried out, which is presented
in Fig. 1(e). Finally, we examine the mechanical stability
of penta-CdO2. The calculated linear elastic constants are C11 =

28.67 N m−1, C12 = −0.86 N m−1, and C66 = 13.72 N m−1. These
values satisfy the requirements of Born–Huang criteria,53

namely, C11 > 0, C11 > C12 and C66 > 0 for 2D materials,
conrming that penta-CdO2 is mechanically stable.

3.2 Mechanical properties

Having conrmed the stability of penta-CdO2, we study the
mechanical properties of penta-CdO2 based on its linear elastic
constants. The in-plane Young's modulus (E) and Poisson's
ratio (n) along an arbitrary direction (q) are deduced from the
following formulae:54

EðqÞ ¼ C11
2 � C12

2

C11ðs4 þ c4Þ þ
�
C11

2 � C12
2

C66

� 2C12

�
c2s2

; (11)

nðqÞ ¼ �

�
2C11 � C11

2 � C12
2

C66

�
c2s2 � C12

�
c4 þ s4

�

C11ðs4 þ c4Þ þ
�
C11

2 � C12
2

C66

� 2C12

�
c2s2

: (12)
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Variation of (a) the in-plane Young's modulus, and (b) Poisson's ratio with the direction in penta-CdO2.
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Here, s = sin q, c = cos q, and q represents the in-plane angle
with respect to the [100] direction. As shown in Fig. 2(a), the
Young's modulus E shows weak anisotropy, and its maximum
value is 28.64 N m−1 along the [100] direction, which is only
about 8% that of graphene (345 N m−1).55 The Poisson ratio n of
penta-CdO2 is highly anisotropic, exhibiting buttery-like
characteristics. Interestingly, we note that C12 is negative for
penta-CdO2, leading to a negative Poisson's ratio (NPR) along
most directions. The largest value of a positive Poisson's ratio is
0.01 along the [110] and its equivalent directions, while the
largest absolute value of a negative Poisson's ratio is −0.03
along the [100] and its equivalent directions. Therefore, penta-
CdO2 with NPR may have applications in nanomechanical
devices as a nano-auxetic material.

3.3 Electronic properties

The electronic properties of penta-CdO2 are studied by calcu-
lating its band structure and corresponding total and partial
density of states (DOS) at the HSE06 level, and the results are
plotted and shown in Fig. 3(a). The band structure calculated at
the PBE level is also given for comparison. One can see that
penta-CdO2 is semiconducting with an indirect bandgap of
1.54 eV at the PBE level, as the valence band maximum (VBM)
Fig. 3 (a) Electronic band structure, and total and partial DOS of penta
penta-CdO2.

This journal is © The Royal Society of Chemistry 2022
and conduction band minimum (CBM) are located at different
points along the M–G path in the rst Brillouin zone. The
electronic band structure at the HSE06 level has a similar
dispersion but with a larger band gap of 3.28 eV due to the well-
known fact that the PBE functional underestimates the band
gaps. The partial DOS (PDOS) shows that the VBM is mainly
contributed by the O atoms, while the CBM comes from both
the Cd and O atoms.

Next, we calculate the electron localization function (ELF)56

for this sheet. The ELF is a dimensionless parameter normal-
ized in the range [0.0, 1.0], where 0.0 corresponds to a low
electron density, 1.0 corresponds to fully localized electrons and
0.5 corresponds to completely delocalized electrons, as shown
in Fig. 3(b). One can see that the ELF values in the vicinity of the
O–O dimers (yellow and orange clouds) are in between 0.5 and
1.0, indicating that these electrons exhibit a covalent nature.
The free electrons (green cloud) surrounding the O–O dimers
being separated by the blue regions with low charge density
further conrm the semiconducting feature of the penta-CdO2

sheet. Using the Bader charge analysis,57,58 we nd that each Cd
atom transfers 1.21 electrons to each of the O–O dimers, which
is larger than that in the penta-ZnS2 sheet15 (0.88 electrons).
Hence, the electrons of O–O dimers in penta-CdO2 are more
-CdO2. (b) ELF distribution on the plane formed by the :O–O–Cd in

J. Mater. Chem. A
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delocalized than those of S–S dimers in penta-ZnS2, indicating
that the electrons of O–O dimers can exhibit a more obvious
response under an electric eld, leading to a strong SHG
response in penta-CdO2.
Fig. 4 Imaginary part of the SHG susceptibilities of penta-CdO2.
3.4 SHG susceptibility

We then evaluate the SHG properties of penta-CdO2. Because
the penta-CdO2 sheet belongs to P�421m symmetry (space group
no. 113), only two independent nonzero components csheet

xyz (u)=
csheet
yxz (u) and csheetzxy (u) are allowed by the symmetry constraints,

which are further reduced to csheet
14 (u) = csheet25 (u) and

csheet36 (u) under the Voigt notation.59 These tensor components
show a crossover between the direction of the SHG response
and the incident electric eld, where the out-of-plane electric
eld contributes to the in-plane polarization via csheet14 (u) and
csheet25 (u), and the in-plane electric eld is also necessary for the
out-of-plane polarization via csheet36 (u). Hence, penta-CdO2 can
exhibit both in-plane and out-of-plane SHG susceptibilities. To
compensate for the underestimated band gap at the PBE level,
we use the scissor correction of the band gap difference D =

1.74 eV in the calculations of SHG for higher accuracy.44

Besides, we nd that the SHG properties converge at a k-point
mesh of 99 × 99 × 1, which is illustrated in Fig. S3.†

Next, we calculate the static SHG susceptibilities of penta-
CdO2, which are the zero-frequency limit of the SHG suscepti-
bilities. The static SHG susceptibilities satisfy Kleinman's
symmetry, where only one independent value csheet14 (0) =

csheet25 (0) = csheet36 (0) = 8.86 pm2 V−1 exists in penta-CdO2, which
is much larger than that of penta-ZnS2 [csheet14 (0) = csheet36 (0) =
−1.22 pm2 V−1, csheet31 (0) = csheet15 (0) = 0.69 pm2 V−1].15 In addi-
tion, to compare with the results of the SHG of bulk materials,
the sheet SHG susceptibility csheetabc (u) of 2D materials can be
converted to the corresponding bulk SHG susceptibility
cbulkabc (u) via the equation csheetabc (u) = cbulkabc (u) × Leffz , where Leffz is
the effective length used for the correction of the dielectric
function. The converted static bulk SHG susceptibility
c14bulk(0) = c25bul

k(0) = c36bulk(0) of penta-CdO2 is 1.04 pm
V−1, which is about twice that of the well-known KBBF [experi-
mental value of 0.47 pm V−1 at a low photon energy of u =

1.17 eV,60 while our calculated value is 0.45 pm V−1, as pre-
sented in Fig. S4 in the ESI†]. Such large static SHG suscepti-
bility indicates a strong frequency-doubling effect in penta-
CdO2, which is promising for optical device applications.

To study the thickness dependence of the SHG of penta-CdO2,
we carry out calculations for the bilayer and trilayer penta-CdO2

sheets using the Grimme's semiempirical van der Waals
correction (DFT-D3).61 The AA-stacking conguration is found to
be themost stable for the bilayer penta-CdO2 sheet (see Fig. S5†).
On the other hand, the optimized trilayer penta-CdO2 (see
Fig. S6†) undergoes a phase transition toward its bulk pyrite
phase without an SHG response due to the Pa�3 centro-symmetry
with the space group of no. 206. Thus, we only focus on the
bilayer conguration. The static SHG susceptibility of bilayer
penta-CdO2 is calculated to be csheet

14 (0) = csheet25 (0) = csheet36 (0) =
13.17 pm2 V−1, which is larger than the value of the penta-CdO2

sheet [csheet
14 (0) = csheet25 (0) = csheet36 (0) = 8.86 pm2 V−1]. The
J. Mater. Chem. A
calculated results for the SHG susceptibility of the bilayer penta-
CdO2 sheet are plotted and shown in Fig. S7 in the ESI.†

Next, we calculate the frequency-dependent SHG suscepti-
bility of penta-CdO2, especially considering its imaginary part
(Im[csheetabc (u)]). The imaginary parts of different nonzero inde-
pendent SHG tensor components are plotted and shown in
Fig. 4, while the real parts and modulus are plotted in Fig. S8.†
Unlike previously reported 2D materials with a major in-plane
SHG response,10 the penta-CdO2 sheet has both strong in-
plane and out-of-plane SHG responses. One can see that Im
[csheet14 (u)] and Im[csheet36 (u)] have the most signicant peak value
of 264.12 pm2 V−1 and 368.92 pm2 V−1 at 1.88 eV, respectively.
From eqn (5), it can be inferred that the low-energy region of Im
[csheetabc (u)] primarily determines the value of csheetabc (0) due to the
existence of denominator u in the integrand. Hence, the rst
several peaks in Im[csheetabc (u)] make dominant contributions to
csheetabc (0). For reference, the most signicant peak Im
[csheet36 (u)] value in penta-ZnS2 is −13.76 pm2 V−1 at 3.19 eV,
which is pushed away from the low energy range due to its
larger band gap of 3.34 eV. Thus, the larger value of the most
signicant peak in penta-CdO2 and its larger contribution lead
to a larger csheetabc (0) value as compared to that in penta-ZnS2. In
addition, all of the major peaks in Im[csheetabc (u)] of penta-CdO2

are located within the photon energy range of 1.63–3.10 eV
(400–760 nm), showing good visible nonlinear optical
properties.

For the SHG response in a semiconductor, the light-induced
electric polarization (P=

P
p +

Ð
tjdt) includes twomain physical

contributions, which are the inter-band contribution (a dipole
moment p created by a pure inter-band transition) and intra-
band contribution (a polarization current j generated by elec-
trons moving within their original bands driven by the E-eld).
We calculate the contribution from different mechanisms to the
Im[csheetabc (u)] of penta-CdO2. As shown in Fig. 5(a and b), we plot
the different contributions to the imaginary part of SHG in
penta-CdO2. We see that the inter-band and intra-band contri-
butions to each SHG susceptibility tend to oppose each other,
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Imaginary parts (a) Im[csheet14 (u)] and (b) Im[csheet36 (u)] of the inter-
band, intra-band and modulation for the SHG susceptibility, and the
imaginary part of the dielectric function (c) Im[3sheetxx (u/2)] and (d) Im
[3sheetzz (u/2)] of penta-CdO2.
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and the major peaks are mostly contributed by the intra-band
term. Hence, the intra-band contribution to each SHG suscep-
tibility is larger in magnitude compared to that from the inter-
band contribution.

We then calculate the imaginary part of the dielectric func-
tion Im[3sheetxx (u/2)] and Im[3sheetzz (u/2)] at the PBE level using an
identical k-point mesh in the SHG calculations. The calculated
results are plotted and shown in Fig. 5(c and d). To explore the
connection between the SHG properties and the linear optical
properties of penta-CdO2, the mutual extrema in Im
[csheetabc (u)] and Im[3sheetij (u/2)] are marked in Fig. 5 by the dashed
lines. One can see that the major peak of Im[csheet14 (u)] and Im
[csheet36 (u)] at 1.88 eV is related to both Im[3sheetxx (u/2)] and Im
[3sheetzz (u/2)]. On the other hand, the minor peak of Im
[csheet14 (u)] at 2.35 eV is related to Im[3sheetxx (u/2)]. Because SHG
is a two-photon process, the incident light with frequencies
of both 2u and u can induce resonance for a band
This journal is © The Royal Society of Chemistry 2022
energy difference of 2ħu. For penta-CdO2, the spectra of Im
[3sheetij (u/2)] exhibit signicant absorption peaks at u = 3.76,
4.70, and 6.40 eV, respectively. Hence, the peaks in Im
[csheetabc (u)] at u = 1.88, 2.35, and 3.20 eV are induced by
two-photon resonance, indicating a strong SHG response.
Meanwhile, the k-point-dependent distributions of dielectric
functions are used to analyze the connection between the SHG
properties and the band structure, which are illustrated in
Fig. S9.† Here, we focus on the peaks of Im[3sheetxx (u/2)] and Im
[3sheetzz (u/2)] at u/2 = 1.88 eV, which are both relevant to that of
Im[csheet14 (u)] and Im[csheet36 (u)]. One can see that the main
contributions to Im[3sheetxx (u/2)] and Im[3sheetzz (u/2)] are from the
transitions at the high symmetry pointM and the M–G path. We
further decompose the summed-up contribution from all band-
to-band transitions at each k-point to particular band-to-band
transitions. The major contribution to the peak value of Im
[3sheetxx (u/2)] is from the degenerate VBM-2-CBM and VBM-3-
CBM+1 transitions at the high symmetry pointM, and that of Im
[3sheetzz (u/2)] is mainly from the VBM-2-CBM transition along the
M–G path. These are marked by pink and green arrows in
Fig. S9(c).† It is also worth mentioning that the excited electron
tends to transfer from the negatively charged O atoms to the
positively charged Cd atoms, as shown in the band decomposed
charge density in Fig. S10,† implying that the electronic states of
the Cd–O bonds are the origin of the strong SHG susceptibility
of penta-CdO2.
3.5 Phase-matching

In addition to the SHG susceptibility, phase-matching is
another crucial factor for high-quality SHG materials. This is
closely related to the incident laser wavelength.62 To show the
phase-matching behavior of penta-CdO2, we calculate the
refractive index n and birefringence Dn by using the previously
calculated dielectric function 3xx and 3zz. The refractive index n
is obtained according to the formula:63

nijðuÞ ¼ 1ffiffiffi
2

p
h


3sheetij ðuÞ




þRe
h
3sheetij ðuÞ

ii1
2
: (13)

Here, i, j = 1, 2, and 3 correspond to the x, y, and z directions of
the Cartesian coordinates and Re[3sheetxx (u)] and Im[3sheetxx (u)] are
the real and imaginary parts of the dielectric function, respec-
tively. Besides, birefringence (Dn) is calculated as Dn=maxjni−
njj, i s j. As shown in Fig. 6(a), the calculated refractive indices
(n) indicate that the nz(ne) values of penta-CdO2 are smaller than
nx = ny(no), where nx, ny, and nz are the refractive indices along
the x, y, and z directions, and ne and no are refractive indices of
extraordinary and ordinary light, respectively. Hence, the penta-
CdO2 sheet is a negative uniaxial crystal. On the basis of the
type-I phase-matching conditions of ne(2u) = no(u), where u

and 2u refer to fundamental and second-harmonic light,
respectively, the wavelength limit for penta-CdO2 is 682 nm,
which occurs in the visible light range. One can see that the
birefringence is around 0.06 in Fig. 6(b), exhibiting moderate
birefringence (0.06 # Dn # 0.1).26 This indicates that the
fundamental and second-harmonic light exhibit phase-
matching when propagating in this sheet, so that the SHG
J. Mater. Chem. A
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Fig. 6 (a) Wavelength-dependent refractive indices and (b) energy-dependent birefringence of penta-CdO2.
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response can be enhanced. As generally accepted, the laser-
induced damage threshold of a material is inuenced by
several factors, including the optical band gap, thermal
expansion, physical and chemical stability, crystal quality, etc.64

Among these, the optical band gap is generally the main factor
for both single crystal and polycrystalline samples.62 As shown
in Fig. S11(a),† we use Tauc plot methodology to obtain the
optical band gap of the penta-CdO2 sheet, which is shown as
follows:65

(ahn)n = K(hn − Eg). (14)

In this equation, a is the absorption coefficient, hn is the
incident photon energy, K is an energy independent constant,
and Eg is the optical band gap. Besides, for a direct band gap
material n = 2, while for an indirect material n = 1/2. The
calculated optical band gap of penta-CdO2 is 3.24 eV, indicating
high LIDT for penta-CdO2. Note that only the SHG signal below
the minimal band pair energy of 3.24 eV is considered in the
above analysis, because of the dominant linear optical absorp-
tion beyond this limit. We also calculate the thermal expansion
from 0 K to 400 K of penta-CdO2 by using the quasi harmonic
approximation method66 as implemented in the Phonopy
code.38 The results are plotted and shown in Fig. S11(b).† The
low thermal expansion also favors its high LIDT.
4. Conclusions

In summary, the SHG performance of 2D d10-TM oxides, the
penta-CdO2 sheet, is studied for the rst time using rst-
principles calculations combined with independent particle
approximation. We show that the penta-CdO2 sheet can be
chemically exfoliated from its bulk phase with a low exfoliation
energy of 0.85 J m−2, and is dynamically, thermally and
mechanically stable. Penta-CdO2 is semiconducting with an
indirect band gap of 3.28 eV at the HSE06 level, and possesses
a negative Poisson's ratio of n12 = n21 = C12/C11 = −0.03. More
J. Mater. Chem. A
interestingly, it exhibits both in-plane and out-of-plane static
SHG susceptibilities with a value of csheet

14 (0) = csheet25 (0) =

csheet36 (0) = 8.86 pm2 V−1, which is larger than that of penta-ZnS2
[csheet

14 (0)= csheet36 (0)=−1.22 pm2 V−1, csheet
31 (0)= csheet

15 (0)= 0.69
pm2 V−1]. The Im[csheet

14 (u)] and Im[csheet36 (u)] have the most
signicant peak values of 264.12 pm2 V−1 and 368.92 pm2 V−1 at
1.88 eV, respectively, showing good visible nonlinear optical
properties. The low thermal expansion together with a large
optical band gap of 3.24 eV makes penta-CdO2 promising for
a high laser-induced damage threshold. In addition, we extend
this study to the penta-ZnO2 sheet, another 2D d10-TM oxide,
which also exhibits a large SHG response: csheet

14 (0) = csheet25 (0) =
csheet36 (0) = −5.60 pm2 V−1. We hope that these intriguing
features will stimulate experimental efforts in the synthesis of
such 2D pentagonal materials for the applications in nano-SHG
devices.
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