
What is non-linear optics and what is second harmonic generation?  
The explanation runs long the following lines  

(adapted from Supramolecular Chemistry, by Steed & Atwood) 
 

1. Electromagnetic radiation (photons) is propagated through a medium as an 
oscillating wave. 

2. This oscillation is transferred to electron density within the same material. 
3. Oscillating electron density means that charge separation, and magnitude of 

induced dipole (µ), will also oscillate. 
4. Oscillating light also generates an electric field, E. 
5. The magnitude of the induced dipole is a function of both the frequency of the 

light incident to the material (ω) and E.  
6. This distortion is, in fact, another description for polarization: 

polarization  = µ(ω)  
i.e., this is a function of the light frequency, ω. 

7.  What is the relationship between polarization (µ) and polarizability (α)? 
7a.    Polarizability: how easy it is to distort electron density within a molecule (or 
atom). 
7b.    α will depend on relative orientation within the molecule, i.e., it's a vector 
quantity. 
7c.    Hence, µ(ω) = αij(ω)E(ω), where ij index indicates the tensor direction of 
alpha within the molecule. 

8.   The relationship is dynamic, in that light absorption causes dipole oscillation and 
dipole oscillation induces light emission. 
9.   Preceding light emission is a linear relationship, in the form of e.g., birefringence 
& refraction. 
10. What is the non-linear effect? 

10a.   In the presence of highly intense light (like from a laser), the polarization 
has a non-linear dependence on field strength.  
10b.   The mathematical expression for polarization now is a Fourier transform, 
which can be expressed as a Taylor series:  

µ = µ0 + αij E + 1/2 βijk E2 + 1/6 γijk E3 + ... 
where β = 1st order hyperpolarizability & (1/2) β E2 causes 2nd harmonic 
frequency doubling, or generation (SHG) and 
γ = 2nd order hyperpolarizability & (1/6) γ β E3 causes 3rd harmonic 
frequency tripling 

11. What is the origin of frequency multiplication? 
11a.   Electric field strength varies with frequency according to: 

E = E0 cos(ωt) 
11b.   Substituting this relationship into the equation for non-linear polarization, 
we get: 

µ = µ0 + αij cos(ωt) + ½ βijk cos(ωt)2 + 1/6 γijk cos(ωt)3 + ... 
11c.    But since cos2(ωt) = ½ + ½ cos(2ωt), the radiation emitted will have a non-
linear component at twice the frequency that was originally absorbed. 

12. What properties do molecules need in order to show large hyperpolarizabilities? 
12a.   Electron donor-acceptor-systems show greatest anharmonicity, i.e. 
deviation of µ from linearity. 
12b.   In such molecules, it's easier to polarize electrons towards acceptor. 



12c.   The molecule also need a great change in dipole upon excitation, i.e Δµ 
and a large dipole in the excited state.  
12d.   But the molecule must also be transparent in the portion of the UV-vis 
spectrum where frequency doubling is registered. 

13. What about molecular symmetry? 
13a.   For applications, frequency doubling is a bulk property in the solid state. 
This means that the dipoles of neighboring molecules can either reinforce or 
negate each others' effects. 
13b.   Usually, the natural tendency is for organic molecules to align in the solid 
state in a crystal lattice such that their bulk dipole is minimized.  
13c.   This means that the unit cell in the crystal has an inversion center, which 
negates the SHG effect. 
13d.   Either supramolecular forces, such as hydrogen bonding or coordination 
bonds, can ensure that the molecules pack into non-centrosymmetric space 
groups, i.e. not having inversion centers. Another method involves attaching a 
non-racemic chiral director to the NLO-chromophore. 
13e.   In solution, a molecule's β-value describes its intrinsic optical nonlinearity. 
This can be determined in solution using an electric field induced second 
harmonic generation (EFISH) experiment. 

 
 


