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|. Introduction

1. Novel properties induced by transition from bulk to monolayers
1) Layered transition metal dichalcogenides [wilson, Yoffe, Adv. Phys. 18 (1969) 193]
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2) Transformation from bulk to monolayers
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Two major structural changes

(1) Truly 2D layered systems

Physical effects:
(a) from indirect to direct band gap
[PRL 105 (2010) 136805; PRB 87 (2013) 155304],
(b) 2D superconductivity, CDW
etc.

(2) Broken inversion symmetry

Physical effects:

(a) SOC band splittings [PRB 84 (2011) 153402]:
spintronics and valleytronics [PRL 108 (2012) 196802]

(b) Piezoelectrics [J.Phys.Chem.Let. 3 (2012) 2871]

(c) Second-order nonlinear optical property
[PRB 87 (2013) 161403; 87 (2013) 201401; NL 13 (2013) 3329]
etc



2. Motivations

(1) Second-harmonic generation in odd-number layers of MX,
: ©)

SHG image A

optical image

MX, (M = Mo, W; X =
S, Se) monolayers
possess significant
second-order nonlinear
optical susceptibility.

: AFM image

©) Photon energy (eV)
2.0 24 2.8
1 2 ] M 1

c

3L

=2

(syun -que) uondiosqy

Second harmonic
energy (eV)

-

©
S
—
=

3L

AL, 2L

-
L

SHG intensity ___
o

(arb. units)

- MoS,

0.014 ! '

0 2 4 6
Distance (um)

[Malard et al., PRB 87
(2013) 201401(R)]



(2) Applications of few layers of MX,

They are promising materials for non-
linear optical devices and electro-optical
applications.

[Malard et al., PRB 87 (2013) 201401(R)]

The non-linear optical property (second
harmonic generation) can also be
exploited to characterize the crystalline
structure and orientation of the few

. (GaAs:
monolayers MX, materials. 5 @(0)] = ~200 pm/V)

Under 810 nm (1.53 eV) wavelength, measured |y )|
Ix@| =322 pm/V; Li et al., NL 13 (2013) 3329.

Ix@| = 82 pm/V; PRB 87 (2013) 201401.

Ix@| = 10° pmV; Kumar et al., PRB 87 (2013).

(3) A systematic ab initio study of SHG of
all MX, (M =Mo, W; X =S5, Se)
monolayers and trilayers is thus carried
out in this work.




(4) MX (M = Ga, In; X =S, Se) semiconductor bulks and monolayers

bulk structural polytypes
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Monolayer flakes of MX are obtained by
exfoliation or grown on substrates by CVD.

Optical band gap increases,
e.g., 1.8 (direct) —» 3.2 eV (indirect) (GaSe)
High mobility > 103 cm?/Vs (InSe) for FET.
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I1. Theory and computational method

1. Linear response theory of the optical properties

The optical properties are calculated within the independent particle
approximation (IPA) from the Kohn-Sham eigenstates, i.e., the excitonic
effects and the local-field effects are neglected.
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Second-order optical susceptibility
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2. Ab nitio calculations using the VASP and
home-made utility code

(1) Electronic band structure calculations using the VASP code:

Density-functional theory (DFT)-Generalized gradient approximation
(GGA);

Projector augmented-wave (PAW) method;

Slab-supercell approach with interlayer separationd > 18 A ;

BZ integration: 20x20x1 k-mesh;

Plane-wave energy cutoff E_ , = 400 eV;



(2) Optical property calculations using the home-made utility
code:

In IPA, the optical properties are calculated using the dipole transition
matrix elements and Kohn-Sham eigenvalues generated by the VASP
code;

BZ integration: a denser 130x130x1 [100x10x1] k-mesh is used for
monolayers [trilayers];

More than 25 energy bands per atom are included in the calculations.

Excitonic effects on linear optical properties of 2D materials are strong.
Nonetheless, in some cases, they appear to be washed out to some extent.
Thus, the IPA+scissors correction approach seems to be capable of
producing reasonable results in some cases. On the other hand, this
simpler approach allows one to use a sufficiently dense k-mesh and to
Include sufficiently large number of empty bands, which are crucial to
get numerically converged SHG.



Energy (eV) Energy (eV) Energy (eV)

Energy (eV)

I11. Second-harmonic generation of MX, monolayers and trilayers
1. Second-or

6 1 1

ZamE

DOS (states/eV/f1

1
-6

i
- 3
-3
=9

S o

esu)

-1

[}

r
2

2

(2)
XXY

der nonlinear optical susceptibility

of monolayers
(c)

h

r
© x
M K
MoS_-ML MoSez-ML WSE-ML WSez-ML
L] L] I L] nl -I I L] L] L] I B I|'| L] I L] L] L] I L] L] L] I L] L] I L] L] L] I L] L] L]
f O B3 T (a)

CEEEEEN

aCialesna boana ol

2 4
Energy (eV)

2 4 6
Energy (eV)

v
I~ .,‘\_;/\/‘"\.\’E
J o a3 3 a1 3 3 1 1
2 4 6 2 4 6
Energy (eV) Energy (eV)



2. Second-order nonlinear optical susceptibility of trilayers
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MoS2  MoSezs WSy WSes
(a) MLs

T IPA  3.02 391 3.76  3.75
SCI  3.65 3.64 348 351
2,(0) (pm/V) IPA 141 170 125 177
SCI 109 128 93 132
2, (153)] (pm/V) IPA 847 558 810 227
SCI 573 449 712 163

exp. 3227 82P

exp.© 10,5000
rezy(0)(pm/V)  IPA  -1.19  -145 -1.25 -1.79
SCI -123  -1.46 -1.26 -1.74

(b) TLs

Mg IPA  3.96 3.93  3.79 3.78
SCI  3.69 3.55 351 3.54
2, (0) (pm/V)  IPA 49 58 43 58
SCI 38 4 31 M
N, (1.53)] (pm/V) IPA 257 158 257 144
SCI 164 180 267 166

exp.  S0*,17°
reey(0)(pm/V)  IPA  0.39 0.43 040 035
SCI  0.40 0.43 040 0.35

(¢c) TLs vs. MLs

Y0P 00 IPA 0.35 0.34 034 033
SCI 0.35 0.34 034 033
AR (153) TPA 030 0.28 0.31 0.63
SCI 0.28 0.40  0.39 1.02
exp. 0.25%,0.21° 0.60% 0.934

[arXiv: 1409.0937v2]

TABLE III. Calculated static refraction index (ns), second-
order optical susceptibility x(z)(ﬂ), \x(g)(l.,’;’a.‘} eV)| and linear
electro-optical coeflicient 7,4, of the MXo MLs (a) and TLs
(b) using the band structures without (IPA) and with (SCI)
scissors correction. The available experimental values (exp.)
are also listed.

[17] Malard et al., PRB 89 (2013) 201401.
[18] Gruning, Attaccalite, PRB 89 (2014) 081102.
[19] Trolle et al., PRB 89 (2014) 235410.
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If there is no interlayer coupling,
Il 1P| ~1/3.
Linear electro-optical coefficients r,,, in

low-frequency limit are significant.



3. Comparison with experiments
and previous calculations

All IPA results agree with each other.

Experimental spectrum [17] agrees
with IPA spectra in shape but small in
magnitude.

Real-time calculations roughly agrees
with present scissors corrected results.
TB calculations have a magnitude
being 5 times larger, and blue-shifted
energy positions of the major features.

[17] Malard et al., PRB 89 (2013) 201401.
[18] Gruning, Attaccalite, PRB 89 (2014) 081102.
[19] Trolle et al., PRB 89 (2014) 235410.
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V. Second-harmonic generation of I11-V1 bulks and monolayers

1. Electronic structures of crystals and monolayers
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2. Nonlinear optical properties of crystals and monolayers
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V. Future work 80} ¢EH |
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(2) Calculation of second-harmonic generation including the electron-hole
[Trolle et al., PRB 89 (2014) 235410]

MosS, 2

Interaction

State-of-the-art ab initio calculation of SHG

with the GW-BSE formalism is extremely

complicated and unpractically demanding.
[Gruning, Attaccalite PRB 89 (2014) 081102]
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A real-time ab initio approach: Many-
body effects are included as an operator
Into time-dependent Hamiltonian.
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(3) Independent particle approximation plus scissors correction

Unlike linear optical properties, the excitonic effects appear to be
washed out to some extent. Thus, the IPA+scissors correction approach
seems to be capable of producing reasonable results. On the other hand,
this simpler approach allows one to use a sufficiently dense k-mesh and
to include sufficiently large number of empty bands, which are crucial to

get numerically converged SHG.
[Wang, Guo, JPCC 119 (2015) 13268]
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2. Time-propagation approach

Plan: To collaborate with Prof. Gross’ group to develop a real-time ab
Initio approach where many-body effects are included as an operator
Into time-dependent Hamiltonian and implement it in the ELK.
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