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Infrared optics of molecules and crystals

For infrared and visual light: wavelength is much larger than interatomic

distance, electric field can be considered as homogeneous

Interaction with electric dipole moment is the main effect

Electromagnetic radiation (Wiki)

Geometry of

water molecule

1 Å = 10-10 m

Thousands of  times smaller

than wavelength of  visual light



Infrared optics of molecules and crystals II

Kellman & Ting, Acc. Chem. 
Res. 2007, 40, 243

Charge transfer in molecules induces

dipolar moments which can oscillate

Symmetry analysis (E. Wigner): for some modes average dipole moment

is nonzero, leads to IR adsorption/emission. For some modes it is

zero but they are active in the second-order (Raman effect, a.k.a. 

combination scattering)



Raman effect

Lin et al, J. Appl. Phys. 129, 191101 (2021)

Quantum theory of  scattering

(Kramers-Heisenberg formula)

For scattered light

The frequency of  scattered light

frequencies of  Raman active vibration modes 



Raman effect: Classical interpretation

From Maxwell electrodynamics: refraction index

n2(ω) = ε(ω) 

Suppose that dielectric function is modulated by atomic vibrations:

Then, we will have combined frequencies of  light since

Combination scattering, Mandelstam and Landsberg, simultaneously

with Raman and Krishnan



Fermi resonance
CO2 molecule: symmetry analysis predicts 

one Raman-active mode, ν1 without average dipole

moment, others are IR active

Experimentally: four Raman lines, two strong

and two weak

Fermi explanation: accidental (almost) degeneracy ω1 ≈ 2ω2

IR active modes at 670 and 2350 cm-1

Main Raman lines at 1285 and 1300 cm-1

Close to 670 x 2 = 1340

1:

2:

3:

almost degenerate

Coupling

mixes the states, results in splitting



Phase locking (synchronization)

Oliveira & Melo, Sci Rep 2015

Discovered by Huygens, XVII century)

If  you have two coupled

oscillators with slightly 

different frequencies they 

can be synchronized

Bifurcation of  torus (with

two incommensurate 

frequencies) into limit circle

(with one common period)

E.g., string pendulum, frequency

ratio close to 1:2



Phase synchronization II
Superposition of  two periodic motions: Lissajous figures

Representing in perpendicular directions

If  frequencies are commensurate

(their ratio is rational, there is a common

Period) the motion is periodic 

Usually represented in phase space as tori

If  the ratio is incommensurate

the motion id quasiperiodic and

trajectory fills the torus



Phase synchronization III
Periodic motion in dissipative systems: limit cycles describing self-oscillation

Closed trajectory, 

asymptotically stable

Phase synchronization is a bifurcation of

tori to limit cycle

Everywhere: from electrical engineering to

biology



String pendulum

String pendulum, frequency

ratio close to 1:2

Classical model of  Fermi resonance

(much more difficult and rich than quantum)



String pendulum II

Thermal noise

Numerics

There is an energy transfer from one mode to the other



String pendulum III

Long-term periodicity: what does it mean?



String pendulum IV
Coupled fields with cubic 

nonlinearity uv2: 

Separating resonance terms:



String pendulum V
Analysis of  these equations show existence of  two limit cycles with

different total phases. Thermal noise induces an (almost) periodic

transitions between two these limit cycles

Coming back to the Fermi resonance in string pendulum model

Splitting of  main frequencies!



Recent development: magnon-phonon 
resonance in antiferromagnet CoF2



Recent development: magnon-phonon 
resonance in antiferromagnet CoF2 II

Energy transfer from

magnon to phonon mode

near the resonance condition Amplitude of  excited phonon signal



Second part: Synchronization in space
Misfit dislocations

Tang & Fu, Nature Phys. 10, 964 (2014)

Interface of  different semiconductors (e.g. PbTe/PbSe)

Energy of  interlayer interaction (second term) wants

that interatomic distances are equal but then one pays

for the energy of  elastic deformation (the first term)

Very roughly: When 𝑊 > 𝜇(𝑏 − 𝑎)2 then two layers will be mostly commensurate, and the whole

misfit will be concentrated via narrow ‘solitons’, and in the opposite limit the system will not even try

To reach synchronization of  periods, that is, commensurability

Commensurate – incommensurate transition is expected!



Van der Waals Heterostructures

“Van der Waals heterostructures”

Geim & Grigorieva, Nature 2013

Combination of  2D materials

create new physical systems and

open ways for new application



Twisted bilayer graphene: 

Flat bands and all that



Example: Graphene on hBN

Woods et al, Nature Phys. 10, 451 (2014)Dean et al, Nature 497, 598 (2013) 

Chen & Qin, JPCC 8, 12085 (2020)

Graphene and hexagonal boron nitride (hBN)

have the same crystal structure but slightly

different interatomic distances (roughly, 0.142 nm

vs 0.145 nm). In hBN they are 1.8% larger



Graphene on hBN: Motivation
Graphene at hBN has much higher electron mobility than graphene 

at any other substrates or freely suspended graphene – why? 

Ripples and puddles

Freely suspended graphene has strong thermal fluctuations (intrinsic ripples)

Gibertini, Tomadin, Polini, Fasolino & MIK, PR B81, 125437 (2010)

Atomic displacements at room temperature



Graphene on hBN: Motivation II
Scalar potential Vector potential



Graphene on hBN: Motivation III
Graphene on SiO2

Gibertini, Tomadin, Guinea, MIK & Polini PR B 85, 201405 (2012)

Experimental STM data: V.Geringer et al (M.Morgenstern group)

hBN is atomically flat: suppresses thermal ripples and

no ripples due to roughness of  substrate



Commensurate-incommensurate 
transition

Moire patterns with periodicity 8 nm (left) and 

14 nm (right)

When misorientation angle (in radians) is

smaller with misfit,  synchronization happens

Atomistic simulations

Distribution of  bond length in 

commensurate (left) and 

incommensurate (right) regimes



Optimization of structure

Relaxed structure (B green, C yellow, N red)

V corresponds to the minimal energy (max. 

cohesion)

B on the top of  C, N in the middle of  hexagon

Sublattices are no more equivalent → locally 

energy gap is open (mass term in Dirac eq.)



Optical second-harmonic generation
In commensurate phase inversion symmetry in broken due to nonequivalence of  sublattices →

second-harmonic generation (SHG) is allowed by symmetry

Electron-hole symmetry should be also

broken → either final doping or NNN

hopping t’

Contributions to nonlinear optical conductivity



Optical SHG II

b – incommensurate

phase, only hBN signal

is visible; 

d – commensurate, one

can see graphene 

Commensurate – incommensurate transition was induced by

heating and clearly detected via SHG



Graphene on graphite
Atomistic simulations: graphene

on graphite

Periodicity of  moire structure



Graphene on graphite II



Twisted bilayer graphene

There is a modulation at small angles and some analog of  “incommensurability” 

(small modulations) at larger angles



Messages to take home
- Sometimes it is not enough to consider generic case, (accidental) 

degeneracy can dramatically change the physics, and it happens

Fermi resonance plays a role in properties of  water and many organic

substances (containing C-H bond like in benzene molecule)

- Close to the resonance there is phase synchronization and energy

transfer between modes in the resonance

- Synchronization in space (commensurate-incommensurate transition)

is a very hot subject now, e.g. for Van der Waals heterostructures

THANK YOU
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