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Simulation Methods 

Nonadiabatic Dynamics Methods 

Nonadiabatic carrier transfer dynamics simulations are carried out using 

Tully’s fewest-switches surface-hopping methods based on density functional 

theory. [1-4] Time-dependent density functional theory in Kohn-Sham framework 

maps an interacting many-body system onto a system of noninteracting particles in 

which their electron densities equals to each other. As a result, time-dependent 

charge density ρ(𝑟, 𝑡) of an interacting system is obtained from a set of time-

dependent Kohn−Sham orbitals 𝜓𝑝(𝑟, 𝑡) [5-9] 

ρ(𝑟, 𝑡) = ∑|𝜓𝑝(𝑟, 𝑡)|
2

𝑁𝑒

𝑝=1

 

Electron density evolution finally leads to a set of single-electron equations for 

evolution of Kohn−Sham orbitals 𝜓𝑝(𝑟, 𝑡) [10-14] 

𝑖ℏ
𝜕𝜓𝑝(𝑟, 𝑡)

𝜕𝑡
= 𝐻̂(𝑟; 𝑅)𝜓𝑝(𝑟, 𝑡)   𝑝 = 1,2, … , 𝑁𝑒 

If expanding time-dependent electron or hole wavefunction 𝜓𝑝(𝑟, 𝑡) in terms 

of interested unoccupied or occupied adiabatic Kohn−Sham orbitals 𝜙𝑘(𝑟, 𝑡) 

calculated from density functional theory calculations along adiabatic molecular 

dynamics trajectories 

𝜓𝑝(𝑟, 𝑡) = ∑ 𝑐𝑘(𝑡)𝜙𝑘(𝑟; 𝑅)

𝑘

 

one can obtain a set of equations of motion for expanding coefficients 𝑐𝑗(𝑡) 

𝑖ℏ
𝜕𝑐𝑗(𝑡)

𝜕𝑡
= ∑ 𝑐𝑘(𝑡)(𝜀𝑘𝛿𝑗𝑘 − 𝑖ℏ𝑑𝑗𝑘)

𝑘

 

where 𝜀𝑘  is energy of 𝑘 th adiabatic state and 𝑑𝑗𝑘  is nonadiabatic coupling 

between adiabatic states 𝑗 and 𝑘. The former is directly obtained from density 

functional theory calculations and the latter is calculated numerically through finite 

difference methods as overlaps of adiabatic states at times 𝑡 and 𝑡 + 𝛥𝑡: 
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𝑑𝑗𝑘 = ⟨𝜙𝑗(𝑟; 𝑅)|
𝜕𝜙𝑘(𝑟; 𝑅)

𝜕𝑡
⟩ ≈

⟨𝜙𝑗(𝑡)|𝜙𝑘(𝑡 + ∆𝑡)⟩ − ⟨𝜙𝑗(𝑡 + ∆𝑡)|𝜙𝑘(𝑡)⟩

2∆𝑡
 

in which 𝜙𝑗(𝑡) and 𝜙𝑘(𝑡 + ∆𝑡) are wave functions of adiabatic states 𝑗 and 𝑘 at 

times 𝑡 and 𝑡 + 𝛥𝑡, respectively. Previous algorithms are primarily implemented 

with plane wave basis sets; [15-16] instead, we have recently implemented this 

nonadiabatic electron or hole dynamics method with Gaussian basis sets with CP2K 

[17-18] and have successfully applied to studying many materials. [19-22] 

Carrier Transfer Analysis 

To estimate electron or hole transfer from one to another fragment in 

nonadiabatic dynamics simulations, we have developed an efficient density-matrix 

based method. First, we can define a density matrix 𝐷 in terms of atomic orbitals 

𝜒𝜇  

𝐷𝜇𝜈𝑖(𝑡) = 𝑝𝑖(𝑡)𝜒𝜇𝑖𝜒𝜈𝑖
∗  

in which 𝑝𝑖(𝑡) is time-dependent occupation number of the 𝑖th adiabatic state 

calculated on the basis of above expanding coefficients 𝑐𝑖(𝑡); 𝜒𝜇𝑖 is the 𝜇th atomic 

orbital coefficient of the 𝑖th adiabatic state. Similar to Mulliken charge analysis, [23] 

we have then defined a population matrix 𝑃 using density matrix 𝐷 and atomic 

overlap matrix 𝑆 

𝑃𝜇𝜈𝑖 = 𝐷𝜇𝜈𝑖𝑆𝜇𝜈 

Finally, we can obtain the 𝑎th atomic charge through summing all basis functions 

𝜇 belonging to that atom and all involved adiabatic states 𝑖 

𝑃𝑎 = ∑ ( ∑ 𝑃𝜇𝜈𝑖

𝜇∈𝑎,𝜈∈𝑎

+
1

2
( ∑ 𝑃𝜇𝜈𝑖

𝜇∈𝑎,𝜈∉𝑎

+ ∑ 𝑃𝜇𝜈𝑖

𝜇∉𝑎,𝜈∈𝑎

))

𝑖

 

It should be noted that if only an atomic orbital belongs to the 𝑎th atom, just half 

of 𝑃𝜇𝜈𝑖 is used, as done by Mulliken charge analysis method. [21] Accordingly, total 

electron on a fragment A is done by summing all atomic charges belonging to that 

fragment 
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𝑃𝐴 = ∑ 𝑝𝑖(𝑡)𝑃𝐴𝑖

𝑖

 

in which  

𝑃𝐴𝑖 = ∑ ( ∑ 𝜒𝜇𝑖𝜒𝜈𝑖
∗ 𝑆𝜇𝜈

𝜇∈𝑎,𝜈∈𝑎

+
1

2
( ∑ 𝜒𝜇𝑖𝜒𝜈𝑖

∗ 𝑆𝜇𝜈

𝜇∈𝑎,𝜈∉𝑎

+ ∑ 𝜒𝜇𝑖𝜒𝜈𝑖
∗ 𝑆𝜇𝜈

𝜇∉𝑎,𝜈∈𝑎

))

𝑎∈𝐴

 

In such a case, the differentiation of 𝑃𝐴 is then derived as 

d𝑃𝐴 = 𝑑 (∑ 𝑐𝑖
∗𝑐𝑖𝑃𝐴𝑖

𝑖

) = ∑(𝑑(𝑐𝑖
∗𝑐𝑖)𝑃𝐴 + 𝑐𝑖

∗𝑐𝑖𝑑𝑃𝐴𝑖)

𝑖

 

in which the first term has variational occupations for adiabatic states 𝑖 and the 

second term has constant adiabatic state occupations but changeable electron 

population. These two terms correspond to nonadiabatic and adiabatic electron 

transfer contributions. The former is mainly caused by state hoppings between 

different adiabatic states and the latter is primarily originated from changes of 

adiabatic states induced by atomic motions. Finally, it should be noted that Gaussian 

basis sets are used in our simulations, so molecular coefficients 𝜒𝜇𝑖  are real 

numbers. Adiabatic states’ expanding coefficients 𝑐𝑖(𝑡) are complex numbers, but 

they are not directly used; instead, their 𝑐𝑖(𝑡)𝑐𝑖
∗(𝑡) products are used for calculating 

time-dependent occupation number 𝑝𝑖(𝑡) of the 𝑖th adiabatic state, which is a real 

number. 

Excitonic Effects in the MgP@SWNT Heterojunction 

Excitonic effects are important; however, LR-TDDFT and GW/BSE that take 

excitonic effects into consideration are very expensive for nonadiabatic simulations. 

[24-26] Instead, we have compared the excitation energies by LR-TDDFT and the 

energy differences by DFT from 11 pairs of random structures from the NVE 

trajectory. As shown in Fig. S7, a very good linear relationship is obtained, which 

proves that DFT-based NAMD simulations can provide accurate results for our 

studied systems. In fact, many previous works have demonstrated that some 
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dynamical processes are less influenced by excitonic effects. [27-31] 

Additional Figures 

 

Fig. S1 The PDOS of MgP@SWNT with a supercell (1×1×5) containing a total of 

437 atoms. 
 

 

Fig. S2 The energy levels of HOMO and LUMO within MgBC, MgC, and MgP. 
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Fig. S3 Schematic definition of the type-I and type-II heterojunctions widely used 

in the discipline of condensed matter. 

 

Fig. S4 The PDOS of MgBC@SWNT (left) and MgC@SWNT (right) calculated 

at PBE+D3 level. 

 

Fig. S5 Spatial distributions of photogenerated electron and hole initially populated 

states upon excitation of MgP@SWNT heterojunction.  
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Fig. S6 The first 0.5 ps of time-dependent hole population on MgP in nonadiabatic 

dynamics simulations from the HE excitation.  

 

 
Fig. S7 The linear relationship between excitation energies by LR-TDDFT and 

energy differences between two involved states by DFT calculations in MgP (a) and 

SWNT (b). 
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Additional Tables 

Table S1. Calculated Interfragment Interaction Function (δginter) and Binding 

Energy (Ebinding, eV) of Functionalized SWNT with MgBC, MgC, and MgP 

Implant Perpendicular or Parallel to the Axis of the Nanotube.  

 MgBC@SWNT MgC@SWNT MgP@SWNT 

 perpendicular parallel perpendicular parallel perpendicular parallel 

δg
inter 0.78 0.29 0.77 0.28 0.75 0.20 

Ebinding 1.83 1.05 1.65 0.98 1.37 0.56 

 

Table S2. Vertical Excitation Energies (E, in eV), Oscillator Strengths (Osc.) and 

Main Electronic Configuration of the Lowest Four Singlet States of MgP Calculated 

with LR-TDDFT. 

State E Osc. Electronic Configuration 

1 2.314 1.55566E-04 

HOMO→LUMO+1 39.7%  

HOMO-1→LUMO 35.3% 

HOMO→LUMO 11.7% 

HOMO-1→LUMO+1 10.3% 

2 2.315 1.53514E-04 

HOMO→LUMO 39.7% 

HOMO-1→LUMO+1 35.3% 

HOMO→LUMO+1 11.6% 

HOMO-1→LUMO 10.4% 

3 3.206 1.01290E-02 HOMO-2→LUMO 94.5% 

4 3.207 1.03056E-02 HOMO-2→LUMO+1 95.2% 
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