
ETSF France 
Laboratoire des Solides Irradies  
Ecole Polytechnique CNRS 
91128 Palaiseau, France 

 
  Valérie Véniard  

 

Second order harmonic generation 
from bulk, interfaces and surfaces: 

an ab initio study 



Response to a perturbation YRMberlin09 

Linear	  optics	  
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The	  response	  depends	  linearly	  	  
on	  the	  electric	  field	  

for	  higher	  light	  intensities,	  	  
higher	  order	  terms	  can	  be	  important	  

Ef 

E 



Amplitude	  

€ 

χ (3)
E
3
<< χ (2)

E
2
<< χ (1)

E

First	  nonlinear	  term	  

Symmetry	   Centro-‐symmetric	  materials	  

but… 

€ 

χ (2)
= 0

€ 

χ (3)The	  first	  non-‐vanishing	  term	  is	  

Second Harmonic Generation 

ω
ω

€ 

2ω



 
 
 

 
 

• Probe for materials : 
    Sensitivity to local symmetries and selection rules  
    for electronic transitions in χ(2)  

    ⇒ gives access to states with different symmetries,  
         compared to linear optics 

Interest for Second Harmonic Generation: 
in condensed matter 

Surfaces 
Thin films 
Interfaces 
nanowires 
 

⇒ 

• Development and characterisation of new materials 

New optical devices 



Outline 

•  Introduction: nonlinear optics in solids 

•  How do we get the spectrum for SHG 
 
•  4 applications : 

•   GaAs 
•   Silicon under constraint 
•   Sin/Gen superlattices 
•   Surfaces 



How do we get the spectrum for SHG 

Fermi golden rule 

hν	


v 
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Independent particle approximation: 
All the electrons make independent transitions 

(IPA) 



How do we get the spectrum for SHG 
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Second-order response  

Independent Particle Approximation 



Additional effect  : screening 

GW approximation: 
Hedin’s equations (1965) 

hν	


v 

c 
⇒ Shift of the conduction bands 

Screening: Hole- (N-1) electrons 

⇒ Opening of the gap 

Scissor operator 
 
See B. Mendoza’s talk 



Additional effects  : local fields 

« Local field » 

Perturbation= external macroscopic field 

Induces a microscopic response (polarisation of the atoms) 

Perturbation=external macroscopic + induced microscopic  

has to be taken into account in a self consistent way 

From Microscopic to Macroscopic polarization … 
 See L. Mochan’s talk 
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Additional effects: exciton 

Electron-hole interaction 
(excitonic effect) 

Bethe Salpeter Equation  
(2-particles equation) 

Time-Dependent  
Density-Functional Theory  

(TDDFT)   

or 



Scheme  of the derivation of the χ(2) 

First step: microscopic polarisation in terms of the external electric field 
  Second order time-dependent perturbation theory  
  valid for low intensity 

Second step: macroscopic polarisation in terms of  
  • the total electric field 
  • second-order response functions 
R. Del Sole and E. Fiorino and PRB 29 (1984) 

Third step: calculation of the response functions  
 within time-dependent density functional theory 



 Dyson equation for the density response function 
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Outline 

•  Introduction: nonlinear optics in solids 

•  How do we get the spectrum for SHG 
 
•  4 applications : 

•   GaAs 
•   Silicon under constraint 
•   Sin/Gen superlattices 
•   Surfaces 



C. Y. Fong Y. R. Shen PRB (1975) 
S. Bergfeld and W. Daum, PRL (2003) 
J. Hugues and J. Sipe,PRB (1996) 
B. Adolph and F. Bechstedt, PRB (1998) 

 Some results for GaAs 

Dilation and translation  
of the energy scale 



Screening 

χ(2) for GaAs 
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Screening and local fields 

χ(2) for GaAs 
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χ(2) for GaAs 
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Exciton

Second Harmonic Generation
Cubic GaAs

Full calculation 

Screening and local fields 

Screening 

Exciton (Long range kernel) 

fxc =
α
q2
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εM for GaAs 



[ ] [ ] ),,,,2()2,2(),(
12

)2,2( 2)2( ωωχωεωεωχ ρρρ qqqqqq LL
M

LL
M

zyx
xyz qqq

i
−=

εM for GaAs 
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 - TDDFT (Long rang kernel) 
 - Similar results with BSE 
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εM for GaAs 

Linear dielectric function 
 - TDDFT (Long rang kernel) 
 - Similar results with BSE 
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χ(2) evaluated with the experimental 
 dielectric functions  

•  Good agreement with the experiment  
•  The desription of the exciton should be improved 

in this region  

χ(2) and εM for GaAs 
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Outline 

•  Introduction: nonlinear optics in solids 

•  How do we construct a spectrum 
 
•  4 applications : 

•   GaAs 
•   Silicon under constraint 
•   Sin/Gen superlattices 
•   Surfaces 



Silicon under constraint 

•  Microelectronic devices 
•  Multiple optical functionalities 
•  Industrial processes 

But : due to the centro-symetry of the crystal, χ(2)=0 in the dipole approximation 

The first non-vanishing susceptbility :  χ(3) 

•  Requires important optical power 
•  Competition with other nonlinear processes 

 (Two-photon absorption) 



Supercell 
without constraint 

χ(2)=0 

Supercell 
with constraint 

•  Uniaxial constraint (001) 
      χ(2) ≠ 0  , χ(2)<0.5pm/V 
•  Biaxial constraint 
χ(2)≈200pm/V 

•  The more the lattice is 
distorded, the larger  is χ(2)  

Silicon under constraint 



Experiment :  
Silicon wave guide  
under constraint 

Micro-Raman spectroscopy 

Silicon under constraint 

L. Pavesi, M. Cazzanelli,  
F. Bianco, E. Borga, University  
of Trento 
G. Pucker and M. Ghulinyan,  
Advanced Photonics  
& Photovoltaics Unit, Trento 
D. Modotto and S. Wabnitz, 
University of Brescia 
R. Pierobon, CIVEN, Venezia 



The most favorable situation : biaxial compressive-tensile 

Experiment 
•  The signal is linked to the 
    inhomogeneity and to the  
    amplitude of the constraint 
•  Similar to LiNbO3 
 (considered as a good nonlinear crystal) 

Theory  

•  χ(2)=200 pm/V  

  (GaAs χ(2) =700 pm/V) 

•  Silicon surface  χ(2) ≈3 pm/V 

•  Si/SiO2 χ(2) <1pm/V 

Silicon under constraint 

Nature Materials (2012) 
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•  Introduction: nonlinear optics in solids 

•  How do we construct a spectrum 
 
•  4 applications : 

•   GaAs 
•   Silicon under constraint 
•   Sin/Gen superlattices 
•   Surfaces 



Sin/Gen superlattices 

•  Role of the confinement in silicon-based structures 
•  Multilayers 
•  Nonlinear optical properties 

   
  If  n is even (Si4/Ge4), the crystal is centrosymmetric 

 
 
 

  If n is odd, the nonlinear response is allowed  
  and the signal can be large 

χ (2) = 0

Experimentally, it seems not to be the case! 
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FIG. 2. (Color online) Si4/Ge4 structure. On the left the
defect-free crystalline system is reported (Si is represented by
yellow/light gray atoms and Ge by violet/dark grey atoms).
On the right the type A, type B and type C defects are
shown, the circle identify the modified atoms. On the bot-
tom a schematic representation of the defect is proposed.

other possible defects can be obtained as a combination
of the substitutional and ripple ones. Therefore, once
isolated the e!ect of these two basic defects on the SHG
process, it is possible to deduce the total contribution
due to any overlapping/combination/mixing of them in
a sort of additive mechanism.

The substitutional and ripple defects have been created
in the Si4/Ge4 and Si5/Ge5 SLs, observing their influence
on the SHG response.

In the left part of Fig. 3 a detailed study of the
type B defect influence (varying its percentage inside
the Si4/Ge4 superlattice) on the SHG signal is shown.
The comparison of the results with the Si4/Ge4 and
Si3/Ge5 (i.e. the superlattice with 100% of defects) spec-
tra demonstrates a direct proportionality between the de-
fect percentage and the signal intensity, that is indepen-
dent on the defect distribution inside the simulation cell.
The same observations can be made for type A defects
too (here one creates odd Si5/Ge3 regions). The general
trend is then an increase of the Si4/Ge4 SHG signal due
to the insertion of a non-vanishing odd component into
the material. This proportionality has been observed also
starting from odd-periodicity SLs i.e., introducing type A
defects inside the Si5/Ge5 structure. In this case the in-
tensity is diminished as consequence of the introduction
of an even periodicity region (i.e., Si6/Ge4).

Thus in Sin/Gen SLs the nonlinear response is di-
rectly related to their periodicity: breaking the symmetry
defects can either increase the SHG process into even-
superlattices or diminish the signal in odd-periodicity
ones. Consequently the (NR) signal is mainly an ad-
ditive combination of the single even/odd regions.

As expected, defects of type C (Fig. 3 right panel) be-
haves quite di!erently. Indeed, they do not introduce
even/odd regions inside the material and therefore the
intensity of the generated SHG signal is not linear with
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FIG. 3. (Color online) Left: comparison between the second-
harmonic IPA response of the Si4/Ge4 non-relaxed system
(black dashed line) with di!erent percentages of type B defect
(colored/grey-scale lines) and that of the defect-free Si3/Ge5
SL (black continuous line). Right: the same comparison is
presented for type C defect with di!erent concentration per-
centages (colored/grey-scale lines) introduced, this time, into
the Si4/Ge4 non-relaxed system (black dashed line).
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FIG. 4. (Color online) Comparison of the type B (blue)
and type C (orange) defects SHG-IPA response between the
relaxed (R, continuous lines) and non-relaxed (NR, dashed
lines) systems. The atomic bond strain induced by relaxation
increase the system SHG signal. The nonlinear response of
the relaxed Si4/Ge4 structure (red line) is shown for compar-
ison.

the percentage of defects. The intensity is still compa-
rable with the one of the substitutional defects and de-
creases slowly when diminishing their percentage. Hence,
as the substitutional ones, also non-planar deposition can
be an important source of SHG in the measured systems.
Again, the same calculation performed on Si5/Ge5 struc-
ture shows that, breaking the symmetry, the defect highly
decreases the total SHG intensity.

To be able to fully compare our results with the experi-

•  Mixture of odd and even layers ? 
•  Nonuniformity of the layer thickness ? 
•  Strained interface ? 
 

Si and Ge are centrosymmetric 



Sin/Gen superlattices 

2

enhance second-harmonic generation in Sim/Gen super-
lattices as a function of the defect and strain formation
at the interface of Si and Ge. We analyse di!erent types
of defects [23] discussing the modulation they induce on
the SHG signal, bridging the gap between theoretical cal-
culations and experimental measurements.

We first computed the SHG spectroscopy in Sin/Gen
(001) superlattices, studying how the second-order non-
linear response is modified by the thickness n of the two
insulating slabs. In particular, we focus on systems with
n=3,4,5, as going above 5 layers of Ge induces the forma-
tion of structural defects in Sim/Gen SLs which are not
able to contain the strong compression of Ge [8, 23, 30].

Moreover, to compare our outcomes with a realistic in-
terface (Ref. [21, 23]), we chose to ideally grow Sin/Gen
layers on top of Si (001), imposing the in-plane lattice
parameter of the interface (i.e. along the (100) and
(010) directions) to be equal to that of bulk Si: aSi

= 5.389 Å [31]. The lattice parameter along the (001)
growth-direction has been theoretically calculated as the
one that minimizes the total energy of the system, after a
relaxation of the atomic positions; its value is 8.33, 11.11
and 13.89 Å for the n=3,4,5 systems respectively.

We computed !
(2)
xyz according to the theoretical frame-

work presented in Refs. [32, 33] in the independent par-
ticle approximation (IPA) using the 2light code [34]
where our non-linear TDDFT formalism is implemented.

To compare our converged theoretical SHG spectra
with the experiments we have applied a scissor operator
correction" to the LDA gap. This scissor has been taken
as the GW correction at the # point between the last va-
lence (HOMO) and first conduction (LUMO) state. This
HOMO-LUMO gap corresponds to the SLs gap, that be-
comes direct at # because of zone folding [14, 15]. "
depends on the thickness of the insulating slabs, being
di!erent for each system; the corrected quasi-particle en-
ergy gaps for n=3,4,5 are 1.10, 0.97, 0.85 eV respectively.

In order to discuss the origin of SHG signal, we have
considered two class of systems: i) the ideal non-relaxed
(NR) SLs, where the atomic configuration of the bulk
is perfectly preserved and ii) the Si/Ge strained SLs ob-
tained through relaxation (R) of the ideal atomic pos-
tions in the cell. The results of the computed SHG spec-
tra are reported in Fig. 1.

Looking at the NR systems the theoretical predic-
tion is confirmed showing a vanishing signal in the even
Si4/Ge4 SL and intensities similar to [12] for n=3,5.

A di!erent behavior is reported instead for relaxed su-
perlattices (R). Odd Si3/Ge3 and Si5/Ge5 SLs related
line shapes are noticeably increased, whereas a non-
vanishing signal is observed for even Si4/Ge4 SL aris-
ing from the symmetry broken region at the interface.
This is a clear evidence of the role of the strain in cen-
trosymmetric bulk materials [35] and could be a concur-
rent cause with defects of the SHG experimental obser-
vation in Si4/Ge4 SLs [21–23]. However, it is worth to
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FIG. 1. Comparison of the SHG-IPA spectra for the Si3/Ge3
(orange/light grey lines), Si4/Ge4 (red/grey lines), Si5/Ge5
(blue/dark grey lines) systems. The SHG response of the
relaxed (R) structures (continuous lines) is compared with
that of the non-relaxed (NR) ones (dashed lines).

notice that Si4/Ge4 signal still remains one order of mag-
nitude smaller than that of odd-periodicity materials at
around 1.16 eV i.e., the frequency of experimental mea-
surements (see Ref. [23]).
The importance of strain is further confirmed by the
enhancement of the SHG response of odd systems (see
Fig. 1), showing that the local distortion of the structure
at the interface determines the intensity of the final SHG
signal.
Our calculations for the Si5/Ge5(R) peak at 1.16 eV
(1064 nm) (207 pm/V! 5"10!7 esu) overestimate the ex-
perimental measurement of Ref. [23]. In fact, in our the-
oretical calculations, the SLs are infinite, while in experi-
ments the sample has a finite period. A very good agree-
ment is instead achieved comparing our results with the
measurements on the (Si5/Ge5)100 sample of Ref. [24], re-
covering a discrepancy of almost one order of magnitude
with previous theoretical predictions [36].

Together with this strain e!ect, another possible source
of the SHG signal has been considered: the defects due to
the non-uniform layering, as claimed in the experimental
works of Refs. [21–23]. Thus it is important to under-
stand which is the contribution of these defects to the
global response, decoupling them from relaxation e!ects.

Therefore, we have studied di!erent types of defects,
in NR structure, and we have observed their influence
comparing the related results with that of the defect-
free Sin/Gen SLs. In particular, according to Ref. [23]
we have addressed two roughness defects: substitutional

and ripple, as shown in Fig. 2. In the substitutional case,
a Ge atom at the interface is substituted by a Si atom
(type A defect) or viceversa (type B) varying the slabs
thickness; in the ripple one, heights are preserved but
locally down-shifted by one layer (type C defect). All

3

FIG. 2. (Color online) Si4/Ge4 structure. On the left the
defect-free crystalline system is reported (Si is represented by
yellow/light gray atoms and Ge by violet/dark grey atoms).
On the right the type A, type B and type C defects are
shown, the circle identify the modified atoms. On the bot-
tom a schematic representation of the defect is proposed.

other possible defects can be obtained as a combination
of the substitutional and ripple ones. Therefore, once
isolated the e!ect of these two basic defects on the SHG
process, it is possible to deduce the total contribution
due to any overlapping/combination/mixing of them in
a sort of additive mechanism.

The substitutional and ripple defects have been created
in the Si4/Ge4 and Si5/Ge5 SLs, observing their influence
on the SHG response.

In the left part of Fig. 3 a detailed study of the
type B defect influence (varying its percentage inside
the Si4/Ge4 superlattice) on the SHG signal is shown.
The comparison of the results with the Si4/Ge4 and
Si3/Ge5 (i.e. the superlattice with 100% of defects) spec-
tra demonstrates a direct proportionality between the de-
fect percentage and the signal intensity, that is indepen-
dent on the defect distribution inside the simulation cell.
The same observations can be made for type A defects
too (here one creates odd Si5/Ge3 regions). The general
trend is then an increase of the Si4/Ge4 SHG signal due
to the insertion of a non-vanishing odd component into
the material. This proportionality has been observed also
starting from odd-periodicity SLs i.e., introducing type A
defects inside the Si5/Ge5 structure. In this case the in-
tensity is diminished as consequence of the introduction
of an even periodicity region (i.e., Si6/Ge4).

Thus in Sin/Gen SLs the nonlinear response is di-
rectly related to their periodicity: breaking the symmetry
defects can either increase the SHG process into even-
superlattices or diminish the signal in odd-periodicity
ones. Consequently the (NR) signal is mainly an ad-
ditive combination of the single even/odd regions.

As expected, defects of type C (Fig. 3 right panel) be-
haves quite di!erently. Indeed, they do not introduce
even/odd regions inside the material and therefore the
intensity of the generated SHG signal is not linear with
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FIG. 3. (Color online) Left: comparison between the second-
harmonic IPA response of the Si4/Ge4 non-relaxed system
(black dashed line) with di!erent percentages of type B defect
(colored/grey-scale lines) and that of the defect-free Si3/Ge5
SL (black continuous line). Right: the same comparison is
presented for type C defect with di!erent concentration per-
centages (colored/grey-scale lines) introduced, this time, into
the Si4/Ge4 non-relaxed system (black dashed line).
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FIG. 4. (Color online) Comparison of the type B (blue)
and type C (orange) defects SHG-IPA response between the
relaxed (R, continuous lines) and non-relaxed (NR, dashed
lines) systems. The atomic bond strain induced by relaxation
increase the system SHG signal. The nonlinear response of
the relaxed Si4/Ge4 structure (red line) is shown for compar-
ison.

the percentage of defects. The intensity is still compa-
rable with the one of the substitutional defects and de-
creases slowly when diminishing their percentage. Hence,
as the substitutional ones, also non-planar deposition can
be an important source of SHG in the measured systems.
Again, the same calculation performed on Si5/Ge5 struc-
ture shows that, breaking the symmetry, the defect highly
decreases the total SHG intensity.

To be able to fully compare our results with the experi-

Strain at the interface (relaxation effects) 
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FIG. 2. (Color online) Si4/Ge4 structure. On the left the
defect-free crystalline system is reported (Si is represented by
yellow/light gray atoms and Ge by violet/dark grey atoms).
On the right the type A, type B and type C defects are
shown, the circle identify the modified atoms. On the bot-
tom a schematic representation of the defect is proposed.

other possible defects can be obtained as a combination
of the substitutional and ripple ones. Therefore, once
isolated the e!ect of these two basic defects on the SHG
process, it is possible to deduce the total contribution
due to any overlapping/combination/mixing of them in
a sort of additive mechanism.

The substitutional and ripple defects have been created
in the Si4/Ge4 and Si5/Ge5 SLs, observing their influence
on the SHG response.

In the left part of Fig. 3 a detailed study of the
type B defect influence (varying its percentage inside
the Si4/Ge4 superlattice) on the SHG signal is shown.
The comparison of the results with the Si4/Ge4 and
Si3/Ge5 (i.e. the superlattice with 100% of defects) spec-
tra demonstrates a direct proportionality between the de-
fect percentage and the signal intensity, that is indepen-
dent on the defect distribution inside the simulation cell.
The same observations can be made for type A defects
too (here one creates odd Si5/Ge3 regions). The general
trend is then an increase of the Si4/Ge4 SHG signal due
to the insertion of a non-vanishing odd component into
the material. This proportionality has been observed also
starting from odd-periodicity SLs i.e., introducing type A
defects inside the Si5/Ge5 structure. In this case the in-
tensity is diminished as consequence of the introduction
of an even periodicity region (i.e., Si6/Ge4).

Thus in Sin/Gen SLs the nonlinear response is di-
rectly related to their periodicity: breaking the symmetry
defects can either increase the SHG process into even-
superlattices or diminish the signal in odd-periodicity
ones. Consequently the (NR) signal is mainly an ad-
ditive combination of the single even/odd regions.

As expected, defects of type C (Fig. 3 right panel) be-
haves quite di!erently. Indeed, they do not introduce
even/odd regions inside the material and therefore the
intensity of the generated SHG signal is not linear with
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FIG. 3. (Color online) Left: comparison between the second-
harmonic IPA response of the Si4/Ge4 non-relaxed system
(black dashed line) with di!erent percentages of type B defect
(colored/grey-scale lines) and that of the defect-free Si3/Ge5
SL (black continuous line). Right: the same comparison is
presented for type C defect with di!erent concentration per-
centages (colored/grey-scale lines) introduced, this time, into
the Si4/Ge4 non-relaxed system (black dashed line).
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and type C (orange) defects SHG-IPA response between the
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the percentage of defects. The intensity is still compa-
rable with the one of the substitutional defects and de-
creases slowly when diminishing their percentage. Hence,
as the substitutional ones, also non-planar deposition can
be an important source of SHG in the measured systems.
Again, the same calculation performed on Si5/Ge5 struc-
ture shows that, breaking the symmetry, the defect highly
decreases the total SHG intensity.

To be able to fully compare our results with the experi-
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FIG. 2. (Color online) Si4/Ge4 structure. On the left the
defect-free crystalline system is reported (Si is represented by
yellow/light gray atoms and Ge by violet/dark grey atoms).
On the right the type A, type B and type C defects are
shown, the circle identify the modified atoms. On the bot-
tom a schematic representation of the defect is proposed.

other possible defects can be obtained as a combination
of the substitutional and ripple ones. Therefore, once
isolated the e!ect of these two basic defects on the SHG
process, it is possible to deduce the total contribution
due to any overlapping/combination/mixing of them in
a sort of additive mechanism.

The substitutional and ripple defects have been created
in the Si4/Ge4 and Si5/Ge5 SLs, observing their influence
on the SHG response.

In the left part of Fig. 3 a detailed study of the
type B defect influence (varying its percentage inside
the Si4/Ge4 superlattice) on the SHG signal is shown.
The comparison of the results with the Si4/Ge4 and
Si3/Ge5 (i.e. the superlattice with 100% of defects) spec-
tra demonstrates a direct proportionality between the de-
fect percentage and the signal intensity, that is indepen-
dent on the defect distribution inside the simulation cell.
The same observations can be made for type A defects
too (here one creates odd Si5/Ge3 regions). The general
trend is then an increase of the Si4/Ge4 SHG signal due
to the insertion of a non-vanishing odd component into
the material. This proportionality has been observed also
starting from odd-periodicity SLs i.e., introducing type A
defects inside the Si5/Ge5 structure. In this case the in-
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of an even periodicity region (i.e., Si6/Ge4).
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rectly related to their periodicity: breaking the symmetry
defects can either increase the SHG process into even-
superlattices or diminish the signal in odd-periodicity
ones. Consequently the (NR) signal is mainly an ad-
ditive combination of the single even/odd regions.

As expected, defects of type C (Fig. 3 right panel) be-
haves quite di!erently. Indeed, they do not introduce
even/odd regions inside the material and therefore the
intensity of the generated SHG signal is not linear with

0 1 2 3 4
E (eV)

Si4/Ge4
Def C 50%
Def C 33%
Def C 25%

0 1 2 3 4
E (eV)

0

10

20

30

40

50

60

|χ
(2
) xy

z 
| (

pm
/V

)

Si3/Ge5
Si4/Ge4
Def B 50%
Def B 33%
Def B 25%

FIG. 3. (Color online) Left: comparison between the second-
harmonic IPA response of the Si4/Ge4 non-relaxed system
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SL (black continuous line). Right: the same comparison is
presented for type C defect with di!erent concentration per-
centages (colored/grey-scale lines) introduced, this time, into
the Si4/Ge4 non-relaxed system (black dashed line).

0 1 2 3 4
E (eV)

0

10

20

30

40

50

60

|χ
(2
) xy

z 
| (

pm
/V

)

Si4/Ge4 R
Def B 25% R
Def B 25% NR
Def C 25% R
Def C 25% NR

FIG. 4. (Color online) Comparison of the type B (blue)
and type C (orange) defects SHG-IPA response between the
relaxed (R, continuous lines) and non-relaxed (NR, dashed
lines) systems. The atomic bond strain induced by relaxation
increase the system SHG signal. The nonlinear response of
the relaxed Si4/Ge4 structure (red line) is shown for compar-
ison.
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rable with the one of the substitutional defects and de-
creases slowly when diminishing their percentage. Hence,
as the substitutional ones, also non-planar deposition can
be an important source of SHG in the measured systems.
Again, the same calculation performed on Si5/Ge5 struc-
ture shows that, breaking the symmetry, the defect highly
decreases the total SHG intensity.

To be able to fully compare our results with the experi-
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Sin/Gen superlattices 

•  In all superlattices, strain enhances SHG 

•  Even superlattices: defects enhance SHG 

•  Odd superlattices : defects decrease SHG 
 

Odd superlattices 
 
 

Substitutional defects 

even superlattices 
 
 

strain 



Outline 

•  Introduction: nonlinear optics in solids 

•  How do we construct a spectrum 
 
•  4 applications : 

•    GaAs 
•   Silicon under constraint 
•   Si/Ge superlattices 
•   Surfaces 



Surfaces 

Construction of a 
supercell (atoms 

+ vacuum) 
System with 2 

surfaces 

Inversion 
symmetry 
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Signal from only one surface 

It is possible to extract the signal from only one surface,  
using a new operator p, instead of p    [1] 

p = 1
2
pS(z)+ S(z)p{ } p = i H, r[ ]

Front surface Back surface 

S(z) fonction 

vacuum material material 

[1]  L. Reining et al, Phys. Rev. B 50 8411 (1994)  



Signal from only one surface 

Interpretation: 
 
S(z) is introduced to screen the field inside the material 

Two approaches are possible: 
 Screen the two incoming fields at ω     [1]	

 Screen the outgoing field at 2ω             [2]	


[1]  L. Reining et al, Phys. Rev. B 50 8411 (1994)  
[2]  B. Mendoza et al, Phys. Rev. Lett. 81, 3781 (1998) 
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Signal from only one surface 

zComparison between the two approaches 

Tight binding 
calculation  
72 Si atoms 
2X1 surface 



Signal from only one surface 

Two approaches are possible: 
 Screen the two impinging fields at ω    [1]	

 Screen the outgoing field at 2ω             [2]	


[1]  L. Reining et al, Phys. Rev. B 50 8411 (1994)  
[2]  B. Mendoza et al, Phys. Rev. Lett. 81, 3781 (1998) 

No divergence  
at ω=0 

Related to 
Gauge invariance 
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Surfaces : numerical results 

Non-reconstructed surface :  xxz; yyz; zxx; zyy; zzz 
Reconstructed surface (Asymmetric dimers) : 

   yyx; xyy; yyz; zyy; xxx; zxx; xxz; xzz; zzx; zzz 

72 Si atoms 
2X1 surface 



Surfaces : numerical results 

Non-reconstructed surface :  xxz; yyz; zxx; zyy; zzz 
Reconstructed surface (Asymmetric dimers) : 

   yyx; xyy; yyz; zyy; xxx; zxx; xxz; xzz; zzx; zzz 

72 Si atoms 
2X1 surface 



Surfaces : what’s next? 

Apply the method to an ab initio calculation (work in progress) 

the Dyson equation has to be strongly  
modified, to take into account only the half slab. 

THE CHALLENGE : Local field effects  
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