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1. Computational details

DTF calculations leading to investigation of dynamic stability in monolayer graphene under different doping levels 
from 0.2 hole per atom up to 2.0 electron per atom with a calculation step of 0.1 hole/electron was performed in 
two stages. Firstly, relaxation with regard to total energy and forces was conducted to find the relaxed structure in 
the ground state. The second step involved calculation of the electronic dispersion and DOS, phononic dispersion 
and critical temperature Tc. All calculations were performed using the Quantum ESPRESSO (QE) suite1,2 with Perdew-
Burke-Ernzerhof (PBE) optimized norm-conserving Vanderbilt (ONCV) pseudopotentials3,4 from the Pseudo Dojo 
library5. A plane-wave kinetic energy cutoff was set to 100 Ry for the wavefunctions and 400 Ry for the charge density 
and potential. Brillouin-zone integration involved a 18x18x1 Γ-centered k-mesh with a Methfessel-Paxston smearing 
width6 of 0.02 Ry. Since monolayer graphene is a 2D material, the out-of-plane direction was sampled with only one 
k-point with a vacuum slab of at least 10 Å, which was added to ensure proper periodic boundary conditions. 
Structural optimization was considered converged when the total energy and atomic forces per atom reached 
tolerances of 10-6 Ry and 10-4 Ry/Å, respectively. The vacuum spacing was kept constant. Monolayer graphene was 
doped both by electrons and holes until dynamic instability (i.e., the appearance of imaginary phonon modes) was 
reached. The dynamical matrices and linear variation of the self-consistent potential were computed using density-
function perturbation theory (DFPT)7 on the irreducible set of a regular 6x6x1 q-mesh. For each q-point, the electron-
phonon matrix elements were calculated on a denser 60x60x1 k-mesh. The Eliashberg spectral function was 
calculated for a set of broadening ranging from 0 to 0.05 Ry. The superconducting critical temperature was 
determined using the Allen-Dynes modified McMillan formula8, assuming a Coulomb pseudopotential of μ = 0.10 
and at degauss value of 0.03. The Eliashberg spectral function (α2F), electron-phonon coupling strength (λ), 
logarithmic average phonon frequency (ωlog), and superconducting temperature (Tc) formulas are shown below.  
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The Eliashberg spectral function (α2F(ω)), the electron phonon coupling strength (λ), the logarithmic frequency (ωlog), 
and ω2 are used to calculate the critical temperature through the modified Allen-Dynes modified McMillan formula:

𝑘𝐵𝑇𝑐=
ℏ𝜔𝑙𝑜𝑔
1.2

𝑒𝑥𝑝[ ‒ 1.04(1 + 𝜆)

𝜆 ‒ 𝜇 ∗ (1 + 0.62𝜆)]
To add a chemical picture of bonding and antibonding interactions, projected and integrated crystal orbital Hamilton 
population (COHP) calculations were performed using LOBSTER (Local-Orbital Basis Suite Towards Electronic-
Structure Reconstruction) software package.9,10 The projection of the DFT wavefunctions onto a localized atomic 
orbital basis employed the Bunge basis set. This basis comprises numerical atomic orbitals derived from 
nonrelativistic Hartree–Fock calculations of free atoms, following the parameterization of Bunge et al.11 It is worth 
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mentioning that the study considered highly doped graphene, leading to high total charge spilling values of up to % 
at the most extreme doping levels. Orbital-resolved electron populations were recovered correctly at all doping 
levels.

The following sections present electronic band structure, electronic DOS, as well as lattice constants and C–C bond 
lengths as functions of the doping level ranging from 0.2 holes per atom to 2 electrons per atom. For reference, 
±100% doping corresponds to 1 hole (+) (electron (-)) per atom.

2. Electronic Dispersion and DOS from +20% (hole doping) to -200% 
(electron doping) 
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3. C–C bond length vs doping level

4. Lattice constant vs doping level

Doping 
[h+(+)/e-(-) 

+0.2 +0.1 0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9
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per atom] 
Lattice 

constant a 
in MLG [Å] 

2.478 2.460 2.467 2.482 2.492 2.502 2.514 2.524 2.535 2.548 2.559 2.572
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