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time evolution from Schrödinger equation            

1D model for  

two-level system 

by multiplication of this equation from the left with the complex conjugate 

ground-state or excited-state wavefunctions, integration over r, and using 

the orthogonality relations for the energy eigenstates, we obtain two 

separate equations for the time dependence of the coefficients           

Chapter 10:    Interactions of light and matter 

10.1    Two-level systems 
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How does the atomic dynamics change in the presence of an external 

electromagnetic (EM) field and environmental perturbations?            

This procedure is equivalent to projecting the Schrödinger equation onto 

the energy eigenstates.  

 

time-dependent solution of the Schrödinger equation of the free atom         
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induced dipole moment 

 

Schrödinger equation for an atom in EM field 

 

new equations of motion contain matrix elements  

of dipole moment of atom 

 

 

 

10.2 Atom-field interaction within the dipole 

approximation 

0 

0 

symmetric/ 

antisymmetric 

atomic 

wavefunctions 
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new equations of motion for probability amplitudes 

atom only has dipole moment if in superposition of energy eigenstates 
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monochromatic field 
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resonant excitation 

detuning D=0 

 

 

10.3 Rabi oscillations 
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resonant excitation 

detuning D=0 

 

 

population inversion w 

 

Mollow sidebands 
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loss of coherence in the atomic system due to additional interactions of 

the atom with its environment 

 

dissipative processes can not easily be included in Schrödinger 

equation formalism 

 

dissipative quantum systems:   

open quantum systems = quantum system coupled to bath 

 

Here:    include relaxation and dephasing phenomenologically into 

             equations of motion 
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10.4 Energy and phase relaxation 

difficult to completely isolate atom from its environment due to interaction with 

- electric field from all the free-space modes of surrounding EM field 

- phonons in solids 

 

random interaction leads to a thermalization and decoherence of atom 

 

Example:  

To provide an example for the interaction of an atom with its environment in 

thermal equilibrium, we consider the interaction of a two-level system with the 

free-space EM field, that is in thermal equilibrium with temperature T 

 

the electric field amplitude in the Bloch equations (10.47) and (10.48) is a 

random quantity and represents the field of the black-body radiation 
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analysis yields 

 

 

 

 

 

 

 

random field fluctuations of the EM vacuum lead to an exponential decay 

of  population inversion 
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Similarly the analysis yields 

 

 

 

this equation describes now the average dipole moment in an ensemble of 

identical atoms 

 

relaxation to steady-state inversion 
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comparison with phenomenological discussion of how thermal equilibrium 

between thermal radiation and a two-level system is reached using  

Einstein’s A and B coefficients 
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T1    energy relaxation time 

T2    dephasing time 

in general need to be computed from the  

scattering processes involved, in solids, e.g., 

electron-electron, electron-phonon scattering   
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10.5  Bloch equations 
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10.6  Dielectric susceptibility and saturation 
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limit of fast dephasing, i.e., T2 much shorter than dynamics we are 

interested in 
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10.7  Rate equations and cross-sections 
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extreme nonlinear optics:                   not                          matters 

 

RWA and SVEA cannot be used 

 

observables depend on CEP f 

 

numerically solve Bloch equations exactly  

(i.e., without employing RWA) driven by E(t) 

 

 

 

M. Wegener, Extreme Nonlinear Optics, Springer, Berlin (2005) 
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10.8 Extreme nonlinear optical response  

        of two-level systems 



 
 

 

 

 

Bloch vector (u,v,w)=(2Re(pvc),2Im(pvc),fc-fv)      Rabi frequency WR(t)E(t)  

WR<<w0 

 

2p pulse 

WR=w0 
 

4p pulse 

I. I. Rabi (1937) S. Hughes (1998) 

Carrier-wave Rabi flopping 



0 1 2 3 40.0

0.5

1.0

1.5

W R/
w 0

0 1 2 3 4 5 6 Photon energy h  (eV)w

0

-2

-4

-6  log 
  (I   

  )
10ra

d

w  w 

N=30

B. R. Mollow (1969) 

 

30 cycle long box-shaped pulses 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mollow sidebands at (2n+1)w0±WR 

 

Carrier-wave Mollow triplets 
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T. Tritschler et al., PRA 68, 033404 (2003) 
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resonant excitation 

off-resonant excitation 

conventional Rabi flopping 

 

carrier-wave Rabi flopping 

 

carrier-wave Mollow triplets 

around odd harmonics 

 

 

 

 

 

 

 

T. Tritschler et al., 

PRA 68, 033404 (2003) 
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On the diagonal, where  

ω = Ω, very large resonant 

enhancement effects 

 

large contributions can 

occur at spectral positions 

of even harmonics 

 

but no even harmonics 

(inversion symmetry) 

 

THG in disguise of SHG 

 

for SHG it would be 

carrier wave 2w0 

CEP 2f 
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For Gaussian pulses, 

electric field envelope 

not constant in time 

 

effectively averaging  

over vertical axis 

 

“messy” spectra 



O. D. Mücke et al., PRL 87, 057401 (2001) 

Q. T. Vu et al., PRL 92, 217403 (2004) 



~5fs Ti:sapphire laser pulses 

 

balanced Michelson 

interferometer is 

actively stabilized by a 

Pancharatnam screw 

[M. U. Wehner et al., 

  Opt. Lett. 22, 1455 (1997)] 

 

 

remaining fluctuations in time 

delay t are <50 as 

 

 

two reflective microscope 

objectives with NA=0.5 

 1 micron focus radius 

Wegener group, Applied Physics 



Interferometric measurements 



Interferometric measurements 



Interferometric measurements 



CEP dependence 

0 1 2 3 40.0

0.5

1.0

1.5

W R/
w 0

0 1 2 3 4 5 6 Photon energy h  (eV)w

0

-2

-4

-6  log 
  (I   

  )
10ra

d

w  w 

N=30

fundamental / third-harmonic Mollow triplet:  1f / 3f 

+ 

surface second-harmonic generation:  2f 

 

 

CE phase dependence:  1f 

O.D. Mücke et al., PRL 89, 127401 (2002) 

SHG 



Measuring the CEO frequency with GaAs 

 fCEO (SHG+fundamental) 

 
 

 

 

 

 

 fCEO (SHG+THG) 

O. D. Mücke et al.,  

Opt. Lett. 29, 2160 (2004) 

detection at 
fR 



Q. T. Vu et al., PRL 92, 217403 (2004) 

two-level system                two-band semiconductor 

Mollow triplet                      light-induced gaps  

B. R. Mollow (1969)           V. F. Elesin (1971) 

conduction band 

+ 

1-photon sideband  

of valence band 

 

avoided  crossing 

 

light-induced gaps 

triplet in third harmonic 

 

Rabi splitting>damping 

Light-induced gaps in semiconductors 



Q. T. Vu et al., PRL 92, 217403 (2004) 

theory (dashed curves): 

• semiconductor Bloch  

  equations 

• full tight-binding bands 

• density- and energy- 

  dependent dephasing  

  and relaxation 

• no RWA 

 

experiment (solid curves): 

• 100nm thin GaAs film 

 

high excitation 

(upper curves) 

  

low excitation 

(lower curves) 

Light-induced gaps in semiconductors 



Q. T. Vu et al., PRL 92, 217403 (2004) 

effect of 

carrier-density- and 

energy-dependent 

dephasing  

and relaxation 

Light-induced gaps in semiconductors 



low excitation 

 

 

 

 

 

 

 

high excitation 

O. D. Mücke et al.,  

OL 29, 2160 (2004) 

Light-induced gaps in semiconductors 



white  

specular reflex 
SHG 

broadened fundamental 

ZnO: 3.3 µm band gap 

ZnO 

O. D. Mücke et al.,  

Opt. Lett. 27, 2127 (2002) 
 

T. Tritschler et al.,  

PRL 90, 217404 (2003) 

peak electric field  

E0 = 6V/nm 

 

Bloch energy 

 

 

Bloch period 

 

 

optical period (800nm) 

 

 

Bloch oscillations?? 

 

 

 

 

B 3.0eVW 

B 1.4fsT 

L 2.8fsT 

5-fs 800-nm pulses from Ti:sapphire oscillator  



T. Tritschler et al., PRL 90, 217404 (2003) 

T. Tritschler et al., PRA 68, 033404 (2003) 

5 fs sinc2 pulses  

THG in disguise of SHG 



5 fs sinc2 pulses  

T. Tritschler et al., PRL 90, 217404 (2003) 

T. Tritschler et al., PRA 68, 033404 (2003) 

THG in disguise of SHG 



experiment                                             theory 

THG in disguise of SHG 


