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Material response to an external field

linear optics:
the response of a crystal to an electric 
field F depends linearly on the field

nonlinear optics: with incresing field strength, 
higher orders can be important

F



Second harmonicgeneration (SHG)

amplitude:

but... 

symmetry!



Importance of SHG?

ω wŀŘƛŀǘƛƻƴ ǎƻǳǊŎŜ
Á coherent light at higher frequency

ω Diagnostics
Á surface sensitive technique to analyze properties 

of materials
Á analyze change of electronic and crystal structure
ᵼstrain mapping in 2D materials



Transition metal dichalcogenides (TMDs)

graphene
(semi-metal)

hBN
(insulator)

TMDs
(semiconductor)

2D materials

TM = Mo, W, etc.
D = S, Se, Te

z

inversion symmetric

not inversion symmetric

inversion symmetric

Adapted from A.K. Geim, I.V. Grigorieva, Nature499, 419-425 (2013)



Strain mapping 
in TMDs



A model for strained TMDs

Å 23 components
Å 4 non-vanishing 

x̝xx= - x̝yy = - y̝xy = - y̝yx = ̝ 0

Å 1 independent parameter 

0̝

F

F

Å 25 components
Å 12 non-vanishing
Å symmtery: 2 independent 

parameters p1 and p2

PRISTINE STRAINED

photoelastic tensor

...  strain tensor



Experimental idea

Mennel, Lukas, et al., Nature communications9.1 (2018): 516.

known

apply controlled strain

get

map elastic strain in an arbitrarily
oriented sample 

measure SHG

aʁa



First principles calculation

Å long wavelength limit
Å independent particle approximation (IPA)
Å neglect local field effects

used as implemented in the exciting-code [1,2]

[1] Andris Gulans, Stefan Kontur, Claudia Draxl et. al., J. Phys.: Condens. Matter 26, 363202 (2014).

[2] Sharma, S., and C. Ambrosch-Draxl. PhysicaScripta2004.T109 (2004): 128.



TMD: MoS2
calculate a slab = single layer 
plus vacuum 

Strongest transition 
amplitude in regions of 
the Brillouin zone where 
the bands are parallel 
(band nesting)

This is also where the 
bands change strongly 
under strain

vacuum = 18 Å
k = 70×70×1
nunocc= 40
RGmax= 10.0



Sensitivity of the SHG signal to strain

2 =̟2.62 eV

experiment simulation

2 =̟3.1 eV

very strong change with strain same qualitative trend



Verification of the photoelastic tensor description

comparison fit (p1, p2) and simulation

linearization of ̝(2) works well...

... but exhibits a strong energy dependence

2 =̟2.62 eV



Origin of the energy dependence

details of the directional  
dependence fromdipole 
moments rnm

0% 1% strain

joint density of states


