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1. Single particle model 

The EMA and k.p parabolic expansion at the  point provide a one particle Schroedinger 

equation for the radial envelope functions. The one particle Schroedinger Hamiltonian for the 

holes and the electron is written :  

 (1) 

In Eq. (1), i represents a hole or an electron, the eigen function  and Ei  are the wave 

function and the energies of the radial envelope wave function and  is the confining 

spherical potential of radius a 

 (2) 

Eq.(1) can be solved implicitly by imposing the continuity of the wave function and its first 

derivative on the border of the confining potential, see for example1. One obtains : 

 (3)

 

with  

 and  (4) 

 is the effective mass of the hole or the electron inside the dot, =0.13 and =0.82.  

the effective mass outside the dot and taken equal to 1. The depth of the confinement potentials 

depend on the dot size and were estimated from the empirical relation given in ref.2 : 

, . We therefore consider three one 

particle levels per dot, see Figure S1. 
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Figure S1. A. The two hole and one electron single particle states considered in the model. Egap 
is the bulk gap value. The arrows show the two excitons that can be built from these three 
states. B. Comparison of the results of our model using the parameters listed above with 
experimental data from Refs. 2-4 
 

2. Excitonic model for the dimer 

Once the energies and wave functions of the single particle (hole and electron) have been 

determined, one can build an effective two particle excitonic Hamiltonian .  

  (5) 

where the two one particle  are given by Eq. (1) and  is the value of the bulk band 

gap, see Figure S1.  

The exciton basis functions are two-particle wave functions, given as the product of the hole 

and the electron wave function solutions of Eq. (1): 

 (6) 

where i = 1Se and j = 1Sh3/2 , 2Sh3/2. There are two exciton states per QD, the GS exciton 1Se-

1Sh3/2  and the first excited exciton 1Se- 2Sh3/2. In the basis of the exciton antisymmetrized 

singlet basis functions, the Hamiltonian (Eq. (5)) 5, 6 takes the form: 

 (7) 

with the Coulomb 

(8) 

and exchange integrals 

(9) 

We use two hole and one electron single particle wave functions to build the excitons. We 

neglect band mixing7-9 for the hole wave functions, restricting the hole basis to the two 

lowest states of the envelope function, 1S and 2S. The fine structure arising from spin-orbit 

coupling of the hole wave function and crystal field and exchange splitting7-12 are neglected. 

The electron wave function is of 1S type. The radial densities of these wave functions are 

shown in Figure S2 for two QD radius.  
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Figure S2 : Radial density the hole and electron wave functions for a heterodimer with 

rA=1.175 and rB=1.925 nm. The surface to surface distance, L is equal to 0.2 nm. The 

confinement effects are larger for the smaller size dot, QDA, and for a given dot, larger for the 

electron and hole 2 wave functions than for hole 1.  

 

3. Computation of the excitonic Coulomb integrals 

The Coulomb couplings between different pairs of excitons are shown schematically in Figure 

S3.  

 
Figure S3 Scheme of the Coulomb couplings taking place between the eight excitons. The 

numbering is the same as in Figure 2 of the main text. 
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Each Coulomb matrix element is a polycentric 6 dimensional integral for which the one particle 

wave functions can be localized either on QDA or QDB. It is computed using an in-house 

implementation of a two level Monte-Carlo (MC) sampling, one for coordinate r, and for each 

sampled vector r, another sampling for coordinate r' in a parallelepiped box as shown in Figure 

S4 below. Due to the spherical shape of the QD and the leaking of the one particle state 

wavefunctions outside of the well as well as the quadratic growth of the number of points due 

to the two level MC sampling, the integration volume has been chosen large enough to ensure 

a proper sampling of the wavefunction delocalization outside the QD volume but small enough 

to minimize the computation time. The buffer distance b to the border of the box has been 

chosen equal to 0.5 nm and the number of points sampled for each level of the procedure is 

100 000. 

 

 
Figure S4 : Schematic representation of the integration volume used to compute the Coulomb 

matrix elements. 

Since the integrated volume contains 3 distinct regions (namely inside QDA, inside QDB and 

outside of the QDs) and two position vectors, r and r’, must be sampled, it yields 9 different 

integration volumes in which the Coulomb integrals must be computed, as shown in Figure 

S5. Since there are two kinds of excitons (either local or CT), there are three types of  exciton 

couplings (either local-local, local-CT, CT-CT). In the case of the coupling involving CT 

excitons, the contributions arising from the volume outside the QD, often neglected, are of 

utmost importance since they are responsible for a major part of the coupling strength. We do 

not separate short range and long range in the computation of the local-local Coulomb 

coupling matrix elements. 
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Figure S5. The 9 different integrations volumes used in the computation of the Coulomb 
integrals.  
 
Both direct and exchange Coulomb integrals are systematically computed which gives rise to 

a set of 18 integrals for each exciton coupling of the model Hamiltonian. As an example, the 

full development of the integrals for the exciton coupling h1eA/h2B-eA is given below: 
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The Coulomb integrals have been screened by the dielectric constant of the material.  This 

value is both dependent on the size of the QD, on the dielectric constant of the bulk material 

and on the particle to particle distance when both are found inside the same QD. The 

dependence of the dielectric constant on the QD radius a is taken as  in ref. 13 

 (10) 

with the bulk dielectric constant   = 9.52. Taking into account the intradot particle to 

particle interaction, the dielectric constant inside a QD takes the form: 

 (11) 

with 

  and   (12) 

  is the distance between the two particles, = 0.13  , =0.82 ,   = 

3.5 is the screening parameter,   = 200 cm-1. This value is shown as a function of the QD 

radius, a,  in Figure S6 below for an average distance between the two particles in the QD 

over the sampling, R, equal to 35/36 a).  

 
Figure S6. Dependence of the dielectric constant on the QD radius a for non interacting 
particles (violet), Eq. (10) and for interacting particles within the same QD volume (green), 
Eq.(11) with a value of R = 35/36 a 
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In addition, the value of the dielectric constant at a specific point in the integration box 

depends on the distance, d, from the center of the QD and is screened by the dielectric 

constant of the medium (considered here as organic ligands = 2.3). The expression 

used13 is : 

   (13) 

where S = 5 109 nm-1. Figure S7 shows this dependence as a function of the distance from the 

center of the QD, d. 

 
 
Figure S7. Dielectric function, Eq.(13) as a function of the distance, d, from the QD center 
for non-interacting particles (violet, Eq. (10)) and for interacting particles within the same 
QD volume (green, Eq.(11)). 
 
The computed values of selected Coulomb matrix elements as a function of the sizes of QDA 
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Figure S8. Dependence of the Coulomb matrix elements between excitons on the radius of 

QDA and QDB for a fixed surface to surface distance L=0.2 nm. Also shown is the fit used 

when sampling the sizes of 1000 dimers. The numbering and nature of the pair of excitons 

involved is given in Figure 2. The pair 1-3 (panel A) corresponds to the Coulomb coupling 

between two local excitons, h1eA and h1eB. The pair 2-5 (panel B) corresponds to the Coulomb 

coupling between a local exciton (h2eA) and a CT exciton (h1A-eB). The pair 5-7 (panel C) 

corresponds to the Coulomb coupling between tow CT excitons, h1A-eB and h1B-eA. Note that 
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the Coulomb coupling decreases about 2 orders of magnitude when going from Local-Local to 

Local-CT  and another 2 orders of magnitude from Local-CT to CT-CT. Note also that the 

dependence on the QD size is much stronger for the coupling terms that involve a CT exciton, 

because for a fixed L value, increasing the QD radius increases the center to center distance, 

R. The coupling between excitons that involve a CT state decrease exponentially as a function 

of R. 

 

4. Computation of the transition dipole matrix elements 

The transition dipoles are non zero for pairs of excitons that differ at most by a one particle 

wave function: 

  where k= 1,…,8 (14) 

The transition dipoles were computed numerically both from the GS and between excitons. 

Transition dipoles from the GS to exciton k with wave function   take the form 

 k= 1,…,8 (15) 

We give as an example the expression of the transition dipole matrix elements from the GS to 

a local exciton because they have an analytical expression: 
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Figure S9 shows the value of the local dipole transition moment for exciton h1e and h2e as a 

function of the dot radius, a. 

 
Figure S9. Computed value of the transition dipole to the local exciton h1e and h2e as function 

of the dot radius, a.  

 

5. Dispersion of the electronic properties as a function of the ensemble of dimers 

The size of each dot in the dimer is drawn from a Gaussian distribution, 

 with . An example is shown in 

Figure S10 for the heterodimer discussed in the main text, with mean values of the diameters 

DA = 2.25 nm and DB=3.85 nm with 3% diameter dispersion in  . In the case of the 

homodimer, one size distribution is used. 
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Figure S10 : Gaussian size distribution with 3% dispersion in diameter of the two QD A and B 

used to build the hetero dimer.  

 
 

 

Figure S11 : Distribution of the Coulomb matrix elements in the dimer ensemble. Top: Local-

local Coulomb coupling between excitons 1-3, bottom : local-CT coupling between excitons 4 

and 7. The parameters of the Gaussian fits are given in Table S1. 
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Figure S12. Distribution of the transition dipole matrix elements in the zero order exciton basis 

computed for the heterodimer of Figure 4A (mean diameter of QDA=2.25 nm and mean 

diameter of QDB = 3.85 nm , 3% size dispersion and L=0.2 nm). Top panel : the GS to local 

exciton dipole matrix elements, middle panel : GS to CT excitons 5 and 7, bottom panel : GS 

to CT excitons 6 and 8. The distributions are Gaussian, the parameters are given in Table S1. 

 

Table S1 : parameters of the Gaussian fits for the  zero order energies of Figure 4A, Coulomb 

matrix elements of Fig. S11 and transition dipole matrix elements of Fig. S12. Energies and 

the Gaussian width s  are given in eV. 

 

  

 

Exciton energy parameter value error Error 

percentage 

h1eA  A 5.0076 0.0906 1.81% 

 µ 2.1956 0.0002 0.01% 

 s 0.0104 0.0002 2.08% 

h2eA A 4.8922 0.1018 2.08% 

 µ 2.3288 0.0003 0.01% 

 s 0.0133 0.0003 2.41% 

h1eB A 4.9156 0.1362 2.77% 

 µ 2.4341 0.0005 0.02% 

 s 0.0150 0.0005 3.21% 

h2eB A 5.0112 0.0867 1.73% 

 µ 2.4383 0.0004 0.02% 

 s 0.0191 0.0004 2.00% 

h1A-eB A 4.9742 0.1269 2.55% 

 µ 2.6185 0.0008 0.03% 

 s 0.0271 0.0008 2.96% 

FGaussian x( ) = A

σ 2π
exp

− x − µ( )2
2σ 2

⎛

⎝
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⎜

⎞

⎠
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⎟
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h2A-eB A 4.9300 0.1492 3.02% 

 µ 2.7677 0.0007 0.02% 

 s 0.01926 0.0007 3.51% 

h1A-eA A 4.9451 0.1267 2.56% 

 µ 3.1681 0.0015 0.05% 

 s 0.0496 0.0015 2.97% 

h2B-eA A 4.9690 0.1565 3.15% 

 µ 3.3150 0.0022 0.07% 

 s 0.0618 0.0023 3.66% 

Coulomb Matrix elements 

1-3 

 

A 69.76 1.5  

 µ 0.0412 0.00001  

 s 0.00056 0.00001  

4-7 

 

A 130.66 3.89  

 µ 2.4e-5 5.1e-8  

 s 1.5e-6 5.1e-8  

Transition matrix elements 

0-1 

 

A 43.43 1.25  

 µ 31.200 0.024  

 s 0.730 0.024  

0-2 

 

A 76.04 1.87  

 µ 22.25 0.011  

 s 0.417 0.011  

0-3 

 

A 41.38 1.07  

 µ 50.04 0.023  

 s 0.771 0.023  
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0-4 

 

A 81.10 1.61  

 µ 32.53 0.01  

 s 0.394 0.01  

0-5 

 

A 65.54 1.44  

 µ 0.012 0.00002  

 s 0.0006 0.00002  

0-6 

 

A 63.54 1.44  

 µ 0.273 0.0003  

 s 0.012 0.0003  

0-7 

 

A 144.32 4.078  

 µ 0.0075 9.0e-6  

 s 0.00027 9.0e-6  

0-8 

 

A 106.41 2.74  

 µ 0.197 0.00022  

 s 0.0074 0.00022  
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Section 6 
Coherences involving eigenexcitons having large weights on local and CT states have a much 
smaller amplitude. Figure S13 shows representative examples of two local-CT electronic 
coherences computed for a specific heterodimer of the ensemble with mean sizes DA= 2.7 nm 
and DB = 3.5 nm whose level structure is shown in Figure 4B. 

 
Figure S13. Dynamic of two local -CT exciton coherences computed for a single heterodimer (DA= 2.7 

nm and DB = 3.5 nm, level structure shown in Figure 4B) upon excitation by a sequence of the UV and 

the IR pulse with a delay time of 100fs. The coherence 1-2 corresponds to eigenexcitons having their 

main weights on h1eB and h1AeB and the coherence 1-3 to h1eB and h1AeB. 
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