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Introduction:  Optical pumping of excitons in insulators . 
Motivation: charge transfer excitons merging with  
    the thermodynamic order parameter of the charge disproportionation. 
Theory challenge: Joint description and evolution  
   of the ensemble of excitons from the condensate of pumped excitons 
    to their equilibrium density in the new ground state. 
 Modeling results: Self-focusing, sub-barrier transformation, local 
     dynamical” phase transition, and persistent stratification. 
Problems: application to neutral-ionic transitions in donor-acceptor chains. 
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OUTLINE 



EXCITONS  and  PHOTO INDUCED PHASE TRANSITIONS  
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Direct pumping  to excitons: Ephoton<Eg 
Excitons are initially delocalized plane waves: photons create them at  k=0 
    Excitons are initially ready to form macroscopic quantum state. 
Deviation from the resonance Ephoton≈Eex  (hot excitons) invokes the phonon-

assistant processes requiring for a stage of the energy relaxation. 

Two steps of optical pumping to excitons : Ephoton>Eg : 
Relaxation and binding in e-h population. 
Intermediate stage of hot excitons 
   as delocalised plane wave with momenta k.  
Cooling below the bandwidth.  
Fast development of a quasi-condensate - 
the distribution peak at the lowest energy. 
Less understood : 
Establishing of the phase coherence. 
Wave function Ψ  of the condensate evolves  
interacting with other degrees of freedom. 
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 TTF-CA: stacks of alternating   
donors D=TTF and acceptors A=CA. 
T>Tc=81 K:  molecules are weakly charged. 
T=Tc: quasi-neutral to ionic  transition – 1st order. 
Charge transfer ρ jumps from ρn =0.32 to ρi = 0.52 
Charged molecules shift relative to each other –  
Coulomb or spin-Peierls instabilities:  
alternation of long and short bonds. 
With all inversion and mirror symmetries  
lifted, this is the electronic ferroelectric. 

Motivation: Neutral-Ionic Transition in donor-acceptor chains. 

Thermodynamic charge transfer.  
Primary effect: redistribution  of the charge density ρ with no symmetry breaking -   
an isomorphic  transition described  by the single real field r = ρ - ρn.  
Actually – symmetry breaking  because of the complementary dimerization; 
Still of the 1st order by influence of ρ 

Tokura teams, Nagaosa, 
Koshihara and Okamoto,  Luty , 
Cailleau  



Excitons   in organic donor-acceptor stack compounds.  

  CTE, 
0.6 eV 

IME, 
2.4 eV 

Intra-molecular excitons  IME (S. Koshihara)  
Pumping into the IME : the excitons and the order 
parameter are different while interacting fields.  
 Inter-molecular = charge-transfer excitons 
CTE (H. Okamoto). Both the exciton and the charge 
ordering are built from processes of electronic  
transfer with a density ρ= ρn+q between donor and 
acceptor molecules.  
Thermodynamic order parameter and  intensity 
q=|Ψ|2 of pumped excitation are of the same origin. 
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Looks to be a nearly resonance pumping 
H. Uemura, H. Okamoto, PRL, 2010. 
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The optical pumping gives rise to a high density of excitons 
Our main assumption: the quasi-condensate of optically pumped 
    excitons appears sufficiently early as the macroscopic  
    quantum state.  
Plausibility: the very high initial pumping  
(up to 0.1 per site i.e. about 1 per exciton core length).  
Condensate part can be described by a macroscopic wave function 
 
Generic case: the thermodynamic transition is governed by  
    only one field: the charge transfer  density q 
Field is not symmetry breaking, a first order phase transition 
   is expected as known experimentally.  
We avoid important peculiarities of 1D realization in D-A chains. 
We shall consider a 3D system in generally 

Evolution of the pump-induced condensate of excitons into the EI  

)exp( ϕiΨ=Ψ ϕtex tE ∂−= )(
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Thermodynamic definition  
of the exciton energy: 

Phenomenological energy  density  

First order phase transition, generic excitonic insulator, no 
deformation, only charge transfer is involved 

0
exE      -  bare exciton energy 

q – charge transfer 

I : Eex(q)>0 decreases with q,  
     attraction of excitons  
II : Eex(q)<0 , creation of excitons 
       growing of q q0 

III : Eex(q)>0 increases with q, 
        repulsion of excitons  



Thermodynamic charge 
ordering  

Pumping  of charge trasfer 
excitons  

order parameter q=ρ- ρn. Density of excitons q=|Ψ|2  

a single real non-conserved field. q is the approximately conserved 
field   

The expected eq. allows for 
unrestricted evolution  
    towards the energy minimum 
 
 

Ψ = |Ψ | exp(iϕ) -   
the phase ϕ - appears as hidden 

degree of freedom.   
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Enigma:  Both the exciton and the charge ordering are built from processes of 
electronic  transfer between D and A molecules.  

How can we make that compatible ? 



We take into account anomalous matrix element of Coulomb 
interactions transferring  two electrons across the gap,  from filled to 
empty band = simultaneous creation or annihilation of two e-h pairs   
= creation/destruction of two excitons from/to the vacuum. 
Being virtual usually, the transition amplitudes acquire nonzero 
averages for macroscopic concentrations. 
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Possibility to exchange pairs of excitons with the ground state. 

Anomalous S(ψ2 +ψ*2 ) Normal, Eex0|ψ|2 

S-term fixes the wave function phase in the EI ground state. 
Dynamically it  gives rise to oscillations of quantum interference 
among states which numbers of excitons differ by 2. 
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Shroedinger eq. for the time evolution of excitons’ wave function. 

(q) = decay rate of the excitons’ density q:  
constant at very small q (single-particle and recombination), not our 
case 
 q at moderate q  (Auget processes, proved in semiconductor), 
vanishes in the minimum of W at q≈q0 as  
Γ V(q)  - no way to give up the energy  from the local minimum. 

Two channels to break conservation of  number of excitons  
nondissipative S & dissipative  : 
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No space dependence: a homogeneous regime or 
a multi-stable quantum dot. Switching by  absorbing the exciton 
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Excitonic level is down-shifted 
Both positive and negative energies are present in the eigen mode  
Consequence of pair creation (annihilation) from (to) vacuum 
Dense excitons, high q nt πϕ ==Ψ∂ ,0

q0 q1 where    V(q1)=|S| 

Phase locking 
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Charge transfer exciton, modeling for quantum dot: 
Dynamical phase transition  and quantum interference 

Sub-barrier pumping, qi=0.39 Super-barrier pumping, qi=0.41 

S=0.01, qb = 0.4 

S-term gives rise to oscillations of quantum interference  
among states which numbers of excitons differ by 2. 

Polar trajectory q(ϕ) Polar trajectory q(ϕ) 

Phase locking 

qi= - initial concentration after pumping 
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Decoherence 

Low T 

High T 

t 

ϕ(t)/π 

q(t) 

q(t) 

ϕ(t)/π 
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w– random function 
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Space-time modeling, sub-barrier pumping intensity: q(00)<qB  

qB 
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q – charge transfer =  excitons’ density 
h – lattice deformation 
qc - critical value of q to initiate h 
qI ,hI – equilibrium values in the ionic phase 

Energy W(q,h)W*(q) and the 
potential V(q,h)V*(q) after 
minimization over h. V=dW/dq  

The minimal model for the NI system  :  
including the symmetry breaking order h.          

4 intervals of q: repulsion, attraction,  
creation, repulsion of excitons 

te energy W(q,h) : The energy W(q,h): 

q/qI 

h/hI 

0 
1 qc 

q 
qB 



t (fs) 

Eex 

hx100 

qx10 

Strong initial perturbation,  
q and h vain at large t.  
Small oscillations of the 
exciton energy  macroscopic 
quantum interference:  
excitons’ pair creation from 
the vacuum 

 Homogeneous regime or multi-stable quantum dot  S=0.01 

 Subcritical pumping q(0)<qB 

Strong unharmonic oscillations at 
intermediate times. 
Sharp lock-in transition of the phase 
spikes  the new set of strong oscillations.  

Supercritical pumping q>qB 
q rises above the initial pumping level by 
generation of excitons from the vacuum.  
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Sub-barrier pumping: qc<q(0,0)<qB  

q(x,t) 

h(x,t) 

Low pumping 

qB 
q 

Moderate pumping High pumping 
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Sub-barrier pumping:  0<t<40000 fs 

ψ(t,x) h(t,x) q(t,x) 
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Strong pumping, formation of the space domains: n=0.007 

ψ(t,x) h(t,x) q(t,x) 
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Conclusion 
The excitons can be pumped to a system prone to a first order 
transition to the excitonic insulator state. 
A quasi-condensate of pumped excitons  evolves interacting with 
other degrees of freedom prone to instability,  with self-trapping of 
excitons akin to self-focusing in optics. 
Both thermodynamic and dynamic effects can be described on the 
same root by viewing the ordered state as the Excitonic Insulator.  
The excitation and the long range ordering can be built from the 
same intermolecular electronic transfer. 
The locally enhanced density of excitons can surpass a critical value     
to trigger the phase transformation, even if the mean density is below 
the required threshold. 
The system is stratified in domains which evolve through dynamical   
phase transitions and may persist even after the excitons recombine.  
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