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1 Supplementary Note 1: The TDDFT-OS Formalism

We employed the real-time time-dependent density functional theory (RT-TDDFT) methods in

combination with the non-equilibrium Greens function (NEGF) formalism to simulate open elec-

tronic systems under ion irradiation. The electron density in a subsystem of interest could deter-

mine that of the entire system through analytical continuation, which has been proved and termed

as the holographic electron density theorem (HEDT) 1, 2 and extended to time-dependent situations

(TD-HEDT) 3.

As illustrated for a typical open electronic system (Figs. 1a and S1), the time evolution of reduced

single-electron density matrix (RSDM) of device region, σD(t), can be described by the Liouville-

von Neumann equation

i
d

dt
σD(t) = [hD(t),σD(t)]− i

∑
α=L,R

Qα(t) (1)

where hD(t) is the Kohn-Sham (KS) Fock matrix of the device region described at the density

functional tight-binding (DFTB) level 4, enabling higher computational efficiency to handle large

systems consisting of hundreds of atoms using the LODESTAR code. Qα(t) is the dissipative

term from the interaction with the left (L) and right (R) leads. The time-dependent electric current

through the electrode α is calculated as
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Jα(t) = −eTr[Qα(t)] (2)

The dissipative term could be evaluated by the NEGF formalism. We employ the adiabatic wide-

band limit approximation (AWBL) for electrodes 5, which assumes that the band-widths of elec-

trodes are infinitely large, and their line-widths (∆α(t)) are energy-independent. The adiabatic

approximation for the memory effects is introduced to evaluate the time integral of hD(t) and

∆α(t). In this way,Qα(t) can be simplified into

QAWBL
α (t) = {Λ̃α,σD}+ Pα(t) + [Pα(t)]† (3)

and

Pα(t) ' − i
π
{U+

α (t)

∫ +∞

−∞
dεfα(ε)eiεt

×[
1

ε− hD(0) + iΛ̃
− 1

ε− hD(t) + iΛ̃ + ∆α(t)
]

+

∫ +∞

−∞

fα(ε)

ε− hD(t) + iΛ̃
dε}Λ̃α (4)

iU̇+
α (t) = [hD(t)− iΛ̃−∆α(t)]U+

α (t) (5)

The electron dynamics is coupled to nuclear motion, and the non-adiabatic effects are taken into
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account via Ehrenfest dynamics 6. The corresponding EOM for the nuclei is given by

ḞA(t) = −Tr

[
∂h0

D

∂RA

σD

]
−
∑
B∈D

∑
ν∈B

∑
µ∈A

(σD)µνB
A
µν ·
∑
C

(γAC + γBC)∆qC

−∆qA
∑
B∈D

∂γAB

∂RA

∆qB −
∑

B∈D,B6=A

∂Erep(|RAB|)
∂RA

+Tr
[
hDσD(BA)†S−1D +H.c.

]
+
∑
α=L,R

[
hDασαD(BA)†S−1D +H.c.

]
(6)

where A, B, and C are the indices of atoms. µ and ν are the indices of atomic orbitals (AOs). RA

and FA are the displacement of atom A and the force exerted on it, respectively. h0
D is the Fock

matrix of the neutral DFTB system. BA
µν =

〈
φν | ∂φµ∂RA

〉
is the partial derivative of the overlap

matrix SD with respect to the nuclear displacement RA, and φµ is the basis function of atomic

orbital µ. ∆qA is the induced Mulliken charge on atom A. γAB describes the interaction between

the induced charges located on atoms A and B, and Erep gives the pair-wised repulsive energy

between the two atoms 4. Eqs. 1 and 6 govern the time evolution of electrons and nuclei in the

system, respectively. The time-dependent RSDM σD(t) contains all electronic information of the

simulation region, which allows us to analyze the evolution of charge densities in the system.
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2 Supplementary Note 2: Simulation Details and Charge Analysis

TDDFT calculations and Mülliken charge analysis in LODESTAR Our TDDFT calculations

coupled to Ehrenfest dynamics in the open-system approach are performed using the LODESTAR

code. The DFTB parameters used are tested in combination for all O, N, C, H interactions 4, where

reaction energies show errors below kcal/mol. The geometry has an accuracy of 0.014 Å in the

bond length and of ∼ 2 degree in the bond angle.

Mülliken charge analysis (MCA) based on the electronic orbitals 7 is used to define atomic charges

in LODESTAR. This definition comes naturally in tight-binding methods and has been widely

employed. Other definition like Bader charge is calculated from charge density, which requires

numerical regeneration from the orbitals in tight-binding methods, and is less favored than MCA.

TDDFT calculations and Bader charge analysis in SIESTA Our TDDFT calculations in the

closed-system approach are conducted for charge exchange and deposition analysis at different

irradiation sites (Fig. 3b) using the code Spanish Initiative for Electronic Simulations with Thou-

sands of Atoms (SIESTA) 8. The double-ζ polarized (DZP) orbitals are chosen as the local basis

set. The adiabatic PerdewBurkeErnzerhof (PBE) parameterization of generalized gradient approx-

imation (GGA) is used for the exchange-correlation functional 9, and the TroullierMartins norm-

conserving pseudopotentials for the ionelectron interaction 10, without explicit consideration of the

core electrons for carbon. The cut-off energy for the basis set is 100 Ry, and the k-space is sampled

by a 5×5×1 MonkhorstPackgrid 11. Graphene is modeled by a 4×4×1 supercell with a vaccum

layer of 0.3 nm in perpendicular to the basal plane of graphene for isolation. A single H atom is

6



enforced with a normal velocity to simulate single particle irradiation process. The kinetic energy

is 150 eV. Time steps for the electron and ion dynamics are both 1 attosecond.

Bader charge analysis (BCA) based on the real-space charge density 12 is used to define atomic

charges in SIESTA. This definition prevails the Mülliken charge since the latter is sensitive to the

choice of basis sets. However, MCA can also be applied as the basis functions centered on atoms

are used in the calculations of the electronic wavefunctions.

Summary In brief, MCA is based on electronic orbitals and widely used in tight-binding methods

as the generation of real-space charge density distribution from orbital information may lead to

loss in the accuracy. BCA is conducted by using the real-space charge density, and is thus robust

in terms of minor dependence on the choice of basis sets.

Therefore, MCA is chosen for calculations of atomic charges in LODESTAR, while the closed-

system approach in SIESTA (Fig. 3b) uses BCA. Both methods come to the same conclusion that

charge exchange is more significant than charge deposition upon irradiation. The Mülliken charge

exchange is 0.60e, and the deposition is 0.23e for irradiation on the bond center with K = 150 eV.

The values of the Bader charge exchange/deposition is presented in Fig. 3b.
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3 Supplementary Note 3: The Monte-Carlo Algorithm

A Monte Carlo (MC) algorithm is developed to simulate the time-dependent signal of current (I(t))

in the FET under an irradiation flux F (Fig. 5). The framework is based on spatial sampling of the

site-dependent responses of single-particle irradiation (SPI) events, following the contours of the

peak current (Fig. 3a). The signal measured from TDDFT-OS simulations in absence of irradiation

is the steady-state current, Is = 350 nA, plus a white noise below 0.02%Is. Two assumptions are

made as follows. SPI events are independent, and the output signal is a linear superposition of

each irradiation event and the unperturbed signal. Collective effects are ignored as discussed in the

main text. The algorithm to obtain I(t) is (Fig. S5):

(1) Define parameters, including the time step dt = 0.01 fs, total time of simulation T = 500 fs,

the average value of Is is 350 nA, and the damping time of the current under SPI current τd = 2 fs.

(2) Define the irradiation flux F and read the map of the site-dependent peak current from external

sources (obtained from TDDFT-OS simulations).

(3) At each Monte-Carlo time step, a uniformly-distributed random number r between 0 and 1 is

generated. The irradiation event occurs if r > Fdt, and a second random number is then generated

to sample the value of the induced peak current.

(4) Calculate the output signal at every timestep, I(t) = Is(t) + Ii(t). Is(t) is generated by adding

a white noise to the steady-state current, and Ii(t) is obtained from Step 3.
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4 Supplementary Figures S1-S5

S1. Atomic structures of the simulation model.

S2. Initial and final charge states of hydrogen at different irradiation energies.

S3. Sampling of pristine and defective sites in graphene.

S4. Contour of peak current in pristine graphene-nanoribbon field effect transistors.

S5. Flow chart of the Monte Carlo algorithm to simulate time-dependent current.
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Figure S1 Atomic structures of the simulation model. Left (L) and right (R) leads are

connected to the device (D) in an open system. A bias voltage Vb = 0.05 V is applied in all

calculations. Fig. 2 is calculated for single-particle irradiation on the bond center of graphene,

which is annotated by the red dot.
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Figure S2 Initial and final charge states of hydrogen at different irradiation energies.

Changes in the charge state of an H ion before and after irradiation on graphene with the reference

charge of atomic hydrogen. The atomic charge calculations are made at positions at least 0.5 nm

away from the graphene to ensure the convergence. The site of irradiation is the bond center, and

the irradiation energy K ranges from 10 eV to 1 MeV.
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Figure S3 Sampling of pristine and defective sites in graphene. Sampled regions include edge,

pristine, single vacancy, and Stone-Wales defects, from left to right. Irradiation sites in each

region, denoted by red crosses, are chosen by following the lattice symmetry with 30, 15, 28, and

49 sampling points, respectively. The irradiation effects on defective structures are simulated

separately, in a configuration illustrated in Fig. S1, where the defects are located in the center of

the device region. Defective structures are relaxed before irradiation.
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Figure S4 Contour of peak transient current in pristine graphene-nanoribbon field effect

transistors. The plot is extended from calculations by spatially sampling the pristine and edge

regions in Fig. S3.
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Figure S5 Flow chart of the Monte Carlo algorithm used to simulate the time-dependent

current. RN is the uniformly-distributed random number generated between 0 and 1. Other

parameters are explained in Supplementary Note 2. The red dashed box marks the Monte-Carlo

steps, and the blue ones indicate the inputs.
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