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ABSTRACT

Microscopic Origin of Nonlinear Optical Properties of 2D Materials: A First Principles Study

Alex Strasser
Department of Chemical Engineering
Texas A&M University

Research Advisor: Dr. Xiaofeng Qian
Department of Materials Science and Engineering
Texas A&M University

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have provided a
unique materials platform with a variety of interesting optoelectronic properties and great
potential for device applications. Janus 2D TMDCs represent a new class of 2D materials whose
crystalline symmetry and physical properties can be tailored via Janus structure engineering.
Here we present our first-principles study of nonlinear optical properties in Janus 2D TMDCs.
Electronic structures such as linear and nonlinear optical properties were calculated using first-
principles density functional theory and analyzed in combination with group theory. The
microscopic origin of these nonlinear optical properties of Janus TMDC:s is elaborated by k-point
resolved optical absorption, shift current, and shift vector. We found that the absence of
horizontal mirror plane in Janus 2D materials enables the out-of-plane second harmonic
generation (SHG) and other nonlinear optical phenomena, such as shift photocurrent and circular
photocurrent. Janus 2D materials, therefore, offer a unique platform for exploring nonlinear

optical phenomena and designing configurable layered nonlinear optical materials.
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CHAPTER I

INTRODUCTION

2D Materials

Ever since the discovery of graphene in 2004, two-dimensional (2D) materials have been
an important area of research owing to their potential applications in electronics, optics, and
many other functional devices. To date, graphene, transition metal dichalcogenides (TMDCs),
and hexagonal boron nitride have been extensively studied, exhibiting semimetal,
semiconductor, and insulator, respectively. However, there is a great need to explore 2D
materials beyond these well-known materials family and beyond the conventional electronic and
optical properties.
Janus 2D Materials

Nonlinear optical properties of 2D materials represent a rich class of physical properties
that are not only important for fundamental science, but also of high interest to advanced
technological applications.? In parallel, Janus 2D materials are also a rising area that engineer
conventional TMDCs into Janus structure with distinct symmetry, chemical composition, and
physical and chemical properties. Janus 2D materials have been explored in the recent studies®®
such as HfSSe,” WSSe, %12 other Janus structures,'*!> TMDCs based on vanadium,'® platinum,!”

or yttrium, heterostructures containing Janus 2D materials,'3-26

and a high-throughput theoretical
prediction of novel Janus 2D materials.?’
Janus 2D MoSSe was first synthesized in 2017%%2° using chemical vapor deposition

(CVD), one group selenizing MoS>,?® and the other group sulfurizing MoSe».?° Janus MoSSe is

promising for a wide range of applications in valleytronics,*® water-splitting photocatalysis,!



strain-sensing,*? gas sensing,’? thermoelectrics,* piezoelectricity,** and advanced optical
devices.*

Several studies have been carried out for bilayer Janus MoSSe.>¢? A variety of
heterostructures can be produced using a dry or wet-etch transfer process once monolayers of
Janus MoSSe have been synthesized. Alternatively, a bilayer of MoS, or MoSe> can be grown
with CVD and then the top layer can be selenized or sulfurized, respectively, to produce the
Janus MoSSe structure.

In this thesis, the nonlinear optical properties of Janus MoSSe are explored and reported.
In particular, strong second harmonic generation (SHG) and second-order nonlinear
photocurrents, including shift and circular photocurrent, are predicted using first-principles
theoretical approach. Finally, k-point resolved optical absorption and shift vector plots are shown
to demonstrate the microscopic origin of the nonlinear optical properties of Janus MoSSe. The
results clearly demonstrate that Janus structure engineering is a facile approach to transform
well-studied 2D materials into a new family of 2D materials with distinct symmetry and physical

properties and enable unique NLO responses that are absent in their pristine non-Janus form.



CHAPTER II

METHODOLOGY

All the research tasks were carried out using first-principles electronic structure theory
and code by solving many-electron Schrodinger equation with density functional theory
(DFT). 404!

The general workflow is described as follows. First, a file of atomic positions (POSCAR)
was downloaded from Materials Project*? and was subsequently modified from the default bulk
(3D) form into its 2D form by deleting one of the monolayers from the two-monolayer unit cell.
This information was fed into DFT calculations performed using Vienna ab initio Simulation
Package (VASP)** to relax the crystal structures and obtain the optimized crystal symmetries,
electronic band structure, and electric dipole matrix elements. The latter are then fed into an in-
house developed package (iNLO). Both linear and nonlinear optical calculations were performed
using iNLO and were subsequently benchmarked by comparing the linear optical data between
iNLO and VASP. Data was then analyzed using MATLAB, Python with a variety of Python
libraries such as Pymatgen*> and Numpy, and Mathematica. This workflow is summarized in
Figure 1. More specific details about the calculations performed in VASP and iNLO are

provided next.

Atomic Band Structure
Janus 2D Positions Density Dipole Matrix | Nonlinear Optical
Material > Functional Theory > Calculations
Structure (VASP) Crystal (iNLO)
Symmetries

Figure 1: General workflow of information and calculations



DFT Calculations

VASP was used to carry out DFT calculations using the projector-augmented wave
(PAW) method,*5*7 generalized gradient approximation in the Perdew-Burke-Ernzerhof form*®
and plane-wave basis with an energy cutoff of 400 eV. The process proceeded in multiple steps.
First, a structural relaxation was performed to ensure that the material was relaxed to its
minimum energy configuration to ensure local thermodynamic and dynamical stability. This
structural relaxation allows the atoms and unit cell to adjust to find their minimum energy
configuration. The lattice parameters and bond lengths were compared with experimental values.
Then, a static calculation was performed without allowing atomic movements for calculating
properties of the material. This information was then fed into both electronic band structure
calculations and nonlinear optical calculations in iNLO.

For the structural relaxation, the convergence criteria for atomic force were set to 0.005
eV/A for the residual maximum force. A vacuum of ~20 A was added between layers to
minimize artificial image interaction between layers due to the periodic boundary condition used
in the DFT calculations. During structural relaxation, the z lattice vector was fixed to ensure this
vacuum distance was retained. For the initial relaxation and static calculation, the k-point
sampling was a 10x10x1 grid. For the nonlinear optical calculations, the k-point sampling was
increased to 70x70x1 to ensure the convergence of NLO properties. In general, 80 bands were
used for both static and iNLO calculations, which is enough to reach the convergence with
respect to number of bands, as the NLO properties were calculated using the sum-over-states

approach.



Nonlinear Optical Response Calculations

The in-house package, iNLO, for computing nonlinear optical properties of materials was
developed by my advisor, Dr. Xiaofeng Qian, and my mentor, Hua Wang. The calculation starts
with a static DFT calculation with additional parameters in the INCAR input file (LOPTICS,
LVEL =T) to provide the necessary data for the following NLO calculations. iNLO then uses
the data from the above static DFT calculation as input data in conjunction with an iNLO input
file for specifying the energy range, energy grid, etc. for the NLO calculation. iNLO also takes
advantage of the symmetries of the material to symmetrize the susceptibility tensors. A
degeneracy tolerance of 0.001 eV and a smearing width of 0.05 eV were used. The same
smearing width was used in the VASP linear optical calculation to ensure proper benchmarking
of dielectric function. Spin-orbit coupling was also taken into account, and the input parameters
such as spin degeneracy and other parameters in both iNLO and VASP were adjusted

accordingly.



CHAPTER III

MONOLAYER RESULTS

The structure, electronic properties, and nonlinear optical properties of monolayer Janus
MoSSe were investigated and are presented below.
Structure

The crystal structure of Janus 2D transition metal dichalcogenides (TMDCs) are

MXY, where M is a transition metal (e.g. Pd, Mo, W) and X and Y are chalcogenides (S, Se,
Te). Additionally, 2D TMDCs belong to hexagonal crystal systems with a three-fold rotation
axis (C3), while some TMDCs have additional rotational axes. The structure can be seen in
Figure 2. Bond lengths and lattice parameters were found to be comparable to previous
literature.*® The lattice constant is 3.25 A, Mo-Se bond length is 2.53 A, and Mo-S bond length is

242 A,

b)
c Q| £ £ P
s I
, O O & ©

Figure 2: Janus monolayer MoSSe structure. a) c-axis view, and b) a-axis view. The purple
atoms are molybdenum (Mo), yellow atoms are sulfur (S), and green atoms are selenium (Se).

The monolayer structure exhibits Cs3y symmetry, which includes a 3-fold rotation about

the c-axis, three vertical mirror planes, and it does not have inversion symmetry. Hence, it is



non-centrosymmetric. The lack of inversion symmetry is fundamental to the appearance of
various physical properties. For example, piezoelectricity is a property that will be zero for any
centrosymmetric material (or point group). Among the 32 crystallographic point groups for 3D
systems, there are 11 point groups with inversion symmetry, and the other 21 do not have
inversion symmetry. A full group theoretical analysis of this structure is subsequently performed.
Group Theoretical Analysis of NLO Properties

The NLO effects present in a material can be predicted using group theoretical analysis.
An introduction to the group theoretical analysis of crystalline solids is provided in
Supplementary Information. The SHG, shift current, and circular photocurrent effects are
predicted using group theory as follows. The point group of Janus MoSSe is Csy, and a character
table is found in Table 4 in Supplementary Information.

The 2™ order susceptibility represents the coefficient of the 2" term of the Taylor
expansion of the polarization equation, seen below.

Po = XopeEnEe

P, is the electric polarization along direction a induced by external field E;,, and E.. Both P and E
are vectors and thus transform as E + A1 in the Csy point group. In order to obtain the
representation of the desired property, the 2™ order susceptibility, we must take the direct
product of the constituents, which are P,, Ep, and Ec. The direct product of these representations
give I'p ® I'e = 2A1+ Ax+ 3E. This result gives the representations for the linear susceptibility

)(2)), giving only two independent tensor elements since it has only two totally symmetric
representations (A1). Following Dresselhaus,>® this product can and should be split into

symmetric (I's) and antisymmetric (I"s) portions that can be summed to produce I' =T's + I'a. The

result is I's = 2A; + 2E and I'. = A + E. Using the symmetric portion and discarding the

10



antisymmetric portion accounts for the permutation symmetry (PS). Now, a direct product of the
symmetric portion a the second E-field will provide accurate SHG and shift current results with
PS accounted for. The resulting direct productis [P @ [gr= [P ® [E® [ =Ts ® g =4A; +
2A; + 6E. The four totally symmetric representations (A1) necessitate four independent tensor
elements in both SHG and shift current, since they both follow the 2™ order Taylor series
expansion of polarization. Without accounting for PS, the result is SA; + 4A; + 9E. The overall
process along with this result can be seen in Figure 3, though a further elaboration of the process

is in Supplementary Information.

Structure of Interest? Property of Interest? x?

Pa = xSLEvE)

P, E are vectors
(n=1)

Identify Tensor
Cay Order of Drive
and Response

Identify Point
Group

Identify
Transformation E+A,
Representation
v
Calculate Direct No PS: 5A, + 4A, + OE
Products and )
Reduce PS: 4A, + 2A, + 6E

Figure 3: Example of Csy analysis of 2™ order susceptibility

For circular photocurrent (CC), the driving force is incident light with circular
polarization, which transforms as a R; basis function, depending on incidence. Therefore, group
theoretical analysis proceeds by doing all possible combinations of i ® R;. Because z transforms
as A1, then there will not be any response in the z-direction due to circular photocurrent. This is
necessarily the case because all direct products of R; with an A, in this case, will not produce

any A representation, which is necessary for there to be a response. Additionally, x ® R, =y ®

11



Rz =E, so there is no CC from these directions, either. The end result is four non-zero but non-
independent tensor elements because x ® Ry =x ® Ry =y ® Ry =y ® Ry = E2, which reduces to
A1+ Ax+ E. Therefore, group theory predicts one independent but four non-zero tensor elements
for circular photocurrent in Janus MoSSe.
Electronic Structure

The electronic band structure was calculated for monolayer Janus MoSSe and is shown in
Figure 4. The band gap was calculated to be 1.47 eV, and it is found to be a direct band gap with

a K-K transition. The Fermi energy was set to the valence band maximum, which is located at K.

Y

g% ——
° [ S~ — |
j% | ——
_i /\%

Gamma M K Gamma
Wave Vector

Figure 4: Electronic band structure of monolayer Janus MoSSe.

Nonlinear Optical Properties
The SHG susceptibility ¥, shift current susceptibility '?), and circular photocurrent
(injection current) n® were calculated with SOC taken into account. The results are shown in

Figure 5. The effect of SOC on the SHG can be seen in a later section.
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Figure 5: Nonlinear optical effects in Janus MoSSe monolayer. a, b) Real and imaginary part of

(2) respectively. ¢) Shift current o?

second harmonic generation . , abe

. d) Circular photocurrent

nc(j))c. For a-c, only some of the element equalities are shown. The full equivalent tensor elements
are: XXz=yyz=XzX=yzy, yXX=xXy=XyX= -yyy, and zxx=zyy. This is true of both SHG (a-b) and
shift current (c). yxx= -yyy is the only antisymmetric relation. As shown in d), there is only one
independent circular photocurrent susceptibility tensor element, which is in excellent agreement
with the group theoretical analysis.

Figure 5a-b show the real and imaginary part of SHG, respectively, with a peak value along the
yxx direction around 40x10*pm?/V. This is comparable to MoS, and an order of magnitude
greater than hexagonal boron nitride.? The significance of the result lies in the breaking of the
horizontal symmetry in the Janus structure resulting in new directions of SHG and shift current
(SC). Both SHG and SC are present and large in the out-of-plane direction, including zxx, zyy,
and zzz. This opens up new applications in shift current based nonlinear photovoltaics®! and

other advanced optoelectronic applications.
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There is an interesting result when inspecting the peaks of the shift current. Here, we
chose the peak in the strong out-of-plane direction since that is most applicable in advanced
optoelectronics and shift current photovoltaics.>'>? From this peak, we extract the polarization

anisotropy, which is remarkably similar at both peaks, as seen in Figure 6.

-
v o

Re[0@] (nm * uAIvV?)
o

240°—~————"300°
270°

2.92eV

Figure 6: Shift current peaks and polarization anisotropy. The two peaks located at 2.38 eV and
2.92 eV show similar polarization anisotropy plots, with only slightly different maximum values.

Switching S and Se in the Janus structure reverses the chirality of the structure, which
opens up a range of opportunities alongside some exciting recent results, such as evidence of
gyrotropic order.>* The result of the chiral structure can be seen in the out-of-plane shift current

shown in Figure 7.
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— o2
0 SMoSe

51 e 0f2) SeMoS

xzx

(2)
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Re[o'?'] (nm* uA/V?)
o

Figure 7: Result of switching S and Se on the out-of-plane shift current. Dotted-lines show shift

current susceptibility tensor element a,ﬁﬁ}c, while the straight lines show az(,zci. Black lines are for

Janus SMoSe monolayer with the default configuration, while the red lines are for the switched
structure, SeMoS. The result clearly demonstrates the current reversal upon S/Se switching in the
Janus structure.

Next, the k-resolved NLO properties were calculated, including absorption, shift vector,
and shift current. These k-resolved plots are essential for understanding the microscopic origin of
the nonlinear optical properties of Janus MoSSe, and they are given in Figure 8. Close to the
calculated bandgap (1.47 eV), absorption is exclusively at and around the high symmetry points
in the Brillouin zone, namely K and K’. As the incident photon energy increases, the absorption
in reciprocal space disperses out from the high symmetry k-points, but absorption is still minimal
around the I'-point. Figure 8d integrates the absorption over the photon energy to get an
absorption cross-section approaching 20 A2 Figure Se displays the shift vector, which
approaches 10 A around the high symmetry points, which is greater than the lattice parameter.
For the shift vector, divergences caused by the optical zero-points were removed, and the cutoff
used in our calculations was 25 A. Finally, Figure 8f displays the k-resolved shift current for
monolayer Janus MoSSe, which shows a very strong positive value around the high symmetry k-
points and a strong negative value around the optical zero points. The result looks qualitatively

similar to the shift vector.

15
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Figure 8: k-resolved NLO properties of monolayer Janus MoSSe. a-c) absorption at 1.5 eV, 2
eV, and 2.5 eV, respectively. d) Integrated absorption over all photon energies. e) shift vector
with divergences removed f) shift current

Benchmarking Linear Optical Properties

In order to benchmark the used nonlinear optical code, iNLO, the linear optical properties
were calculated and compared with those calculated by VASP. To ensure a proper comparison,
the same smearing factor of 0.05 eV was used. The comparison shows great agreement as shown

in Figure 9.
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Relative Permittivity

Figure 9: Comparison of dielectric function (or electrical permittivity) calculated by VASP and
iNLO

Effect of Scissor Operator on Nonlinear Photocurrent

e VASP Exx =&yy
INLO 4 = &,

—— VASP &,

—— NLO £

b)

Relative Permittivity

10

= VASP £xx =&y

iNLO £xx = &)y
~—— VASP &2
— iNLO £

0

Because density functional theory usually underestimates the band gap of

semiconductors, a bandgap correction is often applied. Hybrid functionals or GW calculations

are two options to obtain a more accurate band gap. A simpler option is to apply a scissor

operator that manually shifts band gap to a designated value as in most cases the band structures
are often very similar except the main difference in the bandgap. In this case, we corrected the
band gap to be about the average value of the experimental band gaps of MoS> and MoSe, since

the properties are typically between their two values. In this case, the band gap was shifted from

1.47 eV to 1.75 eV. The effect of the scissor operator can be seen in Figure 10.
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Figure 10: Effect of scissor operator on nonlinear photocurrent responses. a-c) three independent

shift current tensor elements 03526, az(izc, and a,ﬁﬁ}c. d) injection current tensor element r]fczz)x (the

only independent element).

The scissor operator shifts the entire curve by 0.28 eV to the right, while leaving the
qualitative shape of the curve identical to the unshifted result. This is intuitive, since one can see
little to no excitation below the band gap energy, and so this effect gets shifted to the right to
correspond to the new band gap (1.75 eV) as an approximately average experimental value.
Effect of Spin-Orbit Coupling on SHG

Spin-orbit coupling (SOC) can have a large impact on the properties of materials such as ,
including optoelectronic properties. This coupling is larger for materials with heavy elements
containing d- and f-electrons. Since molybdenum is a transition metal, it has d-orbitals with large
orbital angular momentum and thus might have large spin-orbit coupling effects. Our results
show that the SOC does have some effect on SHG, but not very large. The effect of SOC can be

seen in Figure 11.
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Figure 11: SHG with and without spin-orbit coupling for a) )(526, b) (2) C) )((2) and d) )((2)

nyx’ XZX2> ZZZ>
representing the four independent tensor elements of SHG susceptibility present in Janus MoSSe.

The SOC affects the SHG xzx tensor element )(,(626, and its magnitude is reduced by a

factor of two in the region of 1-2 eV. It does not substantially affect the tensor elements along

the out-of-plane direction. Figure 11a shows the )(gi; SHG susceptibility tensor element, and it

even shows a slight boost in the SHG when SOC is accounted for from 2-2.5 eV.
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CHAPTER III

HETEROSTRUCTURE AND BILAYER RESULTS

Bilayer Stacking Configurations

There are five ways to stack MX> 2D materials in a bilayer configuration, but different
notations have been used in the literature. This section presents a summary of the different
notations and recommends a path forward, and it will introduce the five different stacking
configurations for our study.

Peng et al.>*

performed a stacking stability study with different bilayer configurations of
MoS,. The stacking structures were: AA, AB, AA’, AB’, and A’B, which can be grouped into
those without inversion symmetry (type I): AA and AB, and those with inversion symmetry
(type II): AA’, AB’, and A’B. Some inconsistency exists in their used notation compared to the
references cited in their work. A summary of the differences in notation in the literature is given
in Table 1.

Another group® claimed to follow notation previously introduced for h-BN stacking
configurations.>® The notation they used, however, disagrees with the h-BN study. Additionally,
it is unintuitive because AB for them includes a rotation. Therefore, the notation of Peng and
coworkers® is used in this work, which is identical to the h-BN study where AB is a translational
shift from AA rather than including a rotational shift. Following the h-BN study, AA’ is eclipsed
stacking, which means they are overlapping but not completely like AA. AB is staggered, with
atoms in the center of each hexagon. The transformation of an unprimed structure (AA or AB) to

a primed structure (AA’, A’B, or AB’) requires rotation and cannot be obtained with translation

only.>** The transformation from AA to AB only requires translations.>*

20



Table 1: Comparison of MoS: bilayer stacking configuration notations. The highlighted cells
represent discrepancies from our notation, though AA and AA’ are standard for all studies.

Reference AA AA’° AB A’B AB’

Peng (CPB 2014%) AA AA’ AB A’B AB’

He (PRB 2014%) AA AA’ AB’ A’B AB

Liu (JPCC 2012°7) AA AA’ AB AB’ A’B

Constantinescu (PRL 2013%) , , )
(h-BN) AA AA AB A’B AB

Each stacking configuration has unique properties and can be determined visually in
unique ways. Table 2 lists the characteristic features of the five stacking configurations,
including their point group, space group, the presence/absence of inversion symmetry, atoms
overlapping along the z-axis, and atoms present in the center of the hexagon, if any. Finally, the
last row details how to transform one structure to another, with each structure being generated
starting from AA configuration.

Table 2: Characteristic features of bilayer stacking configurations

AA AA’ AB A’B AB’
Point (Space) Group | D3y (187) D34 (164) Csv (156) D34 (164) D34 (164)
Centrosymmetry No Yes No Yes Yes
Overlapping Atoms All Mix S-Mo S-S (N-N) | Mo-Mo (B-B)
Center of hexagon None None Mix Mo (B) S(N)
Transformations 60°—AA> | (/3')—A'B - - -
(1/5,213)—AB | (1/3,2/3)—>AB’

These same five distinct stacking configurations of MX> are identical in the case of Janus
MX,, including Janus MoSSe. However, the Janus structure introduces different variations of
each of these five configurations, such as reversing the atoms and thus the chirality (see
monolayer results) of one or both of the layers. Other variations are chosen based on their
experimental counterpart. True Janus bilayers can be produced using deterministic transfer

techniques such as viscoelastic stamping,®® while MX-Janus MX> heterostructures can be
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produced using CVD. One option is to thermally selenize an MoS: bilayer, which replaces the
top layer of sulfur with selenium.*’ Sulfurization of MoSe; has the opposite effect and replaces
the top layer of selenium with sulfur.?? We follow our experimental collaborators in using an
MoS2-SMoSe heterostructure, and the five unique stacking configurations for this heterostructure
are shown in Figure 12.
d) A’B e) AB’
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Figure 12: Stacking configurations of bilayer MoSSe. The bottom is the z(c-)axis, the middle is
looking down the x(a-)axis, and the top left is a view of multiple unit cells to show the hexagonal
structure. The purple atoms are molybdenum (Mo), yellow atoms are sulfur (S), and green atoms

are selenium (Se).

Experimental Synthesis of Janus Heterostructures

Advancements in experimental techniques and interest in precise angles are approaching the
ability to not only rapidly differentiate between stacking types, but also experimentally
synthesize specific stacking types. Interest in precise angles is dominated from the magic angle
of bilayer graphene,*% though magic (twist) angles also play a role in other stacking materials
(e.g. TMDCs) in generating Moiré superlattices.’* One especially important advancement is
precise rotational alignment® not only for superlattices but also for differentiating between the

primed and unprimed stacking types. Other advancements include steps progressing
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66-68 inert environments beyond the standard glovebox,* and autonomous

deterministic transfer,
systems to find and/or stack crystal structures on substrates.’”’! Continuing advancements will
allow precise control over all possible stacking configurations in the experimental rather than
just computational environment.
Nonlinear Optical Properties

The SHG susceptibility x® and shift current susceptibility ® were calculated with SOC
taken into account for each of the five bilayer stacking configurations of Janus MoSSe. The
results for SHG and shift current susceptibilities for all five stacking configurations are given in
Figure 13. The similarities and differences between SHG and shift current for a given stacking
and direction are illuminating, as well as both SHG and shift current between different stacking
configurations. AA and AB exhibit quite similar nonlinear optical response, while the unprimed
configurations are different. A’B and AB’ also exude similar response, indistinguishable at

various incident photon energies. AA’ is more similar to A’B and AB’, but still not very closely.

Finally, AB’ seems to have smaller magnitude values in general. AB also has the strongest SHG

of any of the configurations for its )(3(,?,(

Some of the main takeaways would be in the line of the application to optoelectronic
devices, though interpreted with caution. For example, though AA has strong out-of-plane shift
current, its application is limited because it is the highest energy configuration and thus most
unstable. However, AB has very strong out-of-plane shift current and could be used in shift

current photovoltaics or similar applications. Experimental advancements give hope to

realization of applying particular stacking configurations to optoelectronic devices.
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Figure 13: SHG magnitude (left column) and shift current (right column) of each of the five
stacking configurations of the MoS,;-SMoSe heterostructure.
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CHAPTER 1V

CONCLUSION

Janus 2D materials are an exciting area of research due to their unique optoelectronic
properties and applications. Here, we continue to expand a widely opening array of possibilities
in the world of 2D materials and their heterostructures. Using VASP and an in-house developed
code, we calculate the electronic, linear optical, and nonlinear optical properties of monolayer
and bilayer Janus MoSSe. We demonstrate Janus MoSSe’s feasibility as a shift current
photovoltaic as a frequency doubler due to its high SHG and shift current, especially in the out-
of-plane direction. The out-of-plane dipole is what enables these unique capabilities that are not
possible in the non-Janus counterpart. The experimental demonstration of the bilayer Janus MX»
materials still needs progress, but additional computational and experimental studies can explore
different chiral structures of Janus MX; structures, and all possible combinatorial configurations

of MX> materials in bilayer form, include MX>-Janus MX> such as those discussed here.
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SUPPLEMENTARY INFORMATION

Group Theoretical Analysis of Material Properties

Group theory is an essential tool in solid state physics to ascertain information about a
material and its properties without requiring any experimentation or computation.>® Here, I will
provide a brief guide to solid-state group theoretical analysis with an example of linear
susceptibility in Janus MoSSe. Knowledge of elementary introduction to group theory but not of
its application to a full analysis in solid state physics, will be assumed, and I will be using
Schoenflies notation. In order to apply group theory to analyze a material and its properties, one
must know 1) its structure (point group symmetry), 2) the property of interest, and 3) the
property’s driving force and response (independent and dependent variable). Then, how the
property and its associated variables transform in that point group has to be determined, which
requires knowing the tensor order of the material property as well as its driving force and
response. Once the transformation representation is found, then the direct product can be
calculated and reduced using permutation symmetry to find the final sum of irreducible
representations for that property. The total number of non-zero, independent tensor elements is
ascertained from this final sum by the coefficient of the totally symmetric representation (e.g.
A1). The number of non-zero, independent tensor elements is the fundamental outcome of a
group theoretical analysis that can be used to 1) predict material properties, 2) confirm
experimental or computational results, or 3) simplify the required experimental measurements or
theoretical calculations needed based on material symmetry. A schematic of this process is

provided in Figure 14, with an elaboration subsequently provided.
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Figure 14: Typical process for group theoretical analysis

Material properties can be described with tensors, where a tensor of order # has n indices,
or subscripts, which is also its number of dimensions. The order » designates how a property
transforms within each point group based on the character table of that point group. Table 3 lists
common material properties, driving forces, and response functions sorted by tensor order. The
property of a material is what relates a driving force (independent variable) to the response
function (dependent variable).”? One important consequence of the tensor order is the basis
functions that describe their transformation. Once the basis functions are known, then the
transformation representation can be found by a character table by identifying the irreducible
representation that corresponds to that basis function. Character tables can be found online” or
in a reference book. For example, a driving force of tensor order 1 (a vector), such as electric
field, will have linear basis functions. In the On point group, the electric field, along with any
other vector, will transform as T, because all of the linear basis functions transform as Ty On
the other hand, stress and strain, along with all tensors of order 2, will transform with the
quadratic basis functions, indicating a transformation representation of Aig+ Eg+ Tag in the On

point group.
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Table 3: Summary of material tensor properties, driving forces, and response functions with their
basis functions. Conductivity, diffusion, and others are examples of linear susceptibilities. This
table does not include pseudotensors, such as magnetic field. Pseudovectors require magnetic

point groups to perform group theoretical analysis, which is neglected here.

Order Type Response Function Material Property Driving Force Basis
of Examples Examples Examples Functions
Tensor
Zero Scalar Entropy (S) Mass (m) Temp. Diff. (AT) None
Free Energy (F, G)
Hall coefficient (Ry)
One Vector Polarization (P;) Young’s Modulus (E;) Electric Field (E;) Linear (x, y, z)
Displacement Field (Dy) Force (F;)
Acceleration (a;)
Two Matrix | Strain (g;), Stress (o) Linear Susceptibility (Xi(jl)) Stress (oy), Strain | Quadratic (x?,
2 2
Conductivity (o3, ki) (&i) yora ’;Z)
Permittivity (c) Y5 YL I 5
Shear Modulus (Gj)
Diffusion Coefficient (Djj)
Thermal expansion coeff. (o)
Three 3D Piezoelectricity (dij) Cubic (X3, xy?,
Array 224 order susceptibility ()(182,2 ) ¥’z etc.)
Four 4D Elasticity (Cjj) Fourth order
Array 3 order susceptibility ()(5-3,31) (%, y’z, xyz%,
x%yz, Xy, etc.)

The tensor order of the property can be found by adding the order (number of indices) of

the driving force and the response.’”? It is worth noting that mass is listed as a scalar, which

would be an exception to this principle; however, this may not strictly be the case. In special

relativity, mass can be regarded a second order tensor. Additionally, in solid state physics,

semiclassical substitutions in Newton’s law from band theory result a second order “effective

mass tensor.

»74

Example: Linear Susceptibility in Janus MoSSe

Now, I will do an example with linear susceptibility in the case of monolayer/bilayer

Janus MoSSe, which are both in the Csy point group. A character table for this point group can be

found online™ and is duplicated in Table 4.
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Table 4: Character Table for the Csy Point Group

Csy E 2C3 3oy Basis Functions
Al 1 1 1 z

As 1 1 -1 R,

E 2 -1 0 (x,¥)(Rx,Ry)

The next step is to ascertain the tensor order of the driving force and response. As can be
seen in the equation, P; = x;;E;, both the driving force (external electric field) and response
function (induced electric polarization) are vectors. Therefore, we must find the irreducible
representations corresponding to the linear basis functions, since the constituents transform as
vectors. For the Csy point group, the irreducible representations are A and E, as can be seen in
the Csy character table in Table 4. The vector representations for P and E are identical: E + A.
Therefore, the “transformation representation” for each of the constituents can be considered as
E+A.. In order to obtain the representation of the desired property, the linear susceptibility y;;,
we must take the direct product of the constituents, which are P; and E;. The direct product of
these representations give I'p ® I'e = 2A1+ Ax+ 3E. This result gives the representations for the

®

linear susceptibility yx,,,

giving only two independent tensor elements. One must further reduce
the symmetry because of the permutation symmetry that exists, which requires splitting the
resulting direct product into antisymmetric and symmetric representations.>® The antisymmetric
representations are found with the character table in the rows that have basis functions of R;,
since these are rotation matrices. In this case, the E representation contains both symmetric and
antisymmetric components, so you can split representation in half for these.

The direct product of these representations gives 2A1+ Az + 3E. The basis functions for E

are degenerate, which is required given the degeneracy of the E representation. Because the Rx
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and Ry basis functions transform as E, but they are degenerate, one of the E representations are
considered antisymmetric, and two are symmetric. Additionally, the A» is antisymmetric because
of the R, function in that column. Therefore, the representation breaks down into I' = I's + I,
where ['s = 2A1 + 2E and ', = A2 + E. The result implies that the linear susceptibility only
possesses two independent tensor elements because there are only two totally symmetric (A1)
representations from the resulting direct product.

Based on the information gained thus far, it is tempting to think one can skip the process
of finding the direct products of constituents and merely find the correct basis functions
€y

corresponding to the tensor order of the material property (e.g. quadratic functions for y;;

or &jj).
One might think that since it is like multiplying two vector basis functions together that
transform x or y, finding the quadratic basis functions like xy, x?, etc. would give the correct
answer. However, this gives an incorrect result. Even if one properly ignores the antisymmetric

representations, this doesn’t give you the correct number of each representation. At best, it can

only give you one.
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