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DFT and DMC convergence testing and additional de-

tails

Table S1: To verify the pseudopotential conversion, the calculated ionization potential and
electron affinity for Ga and Se atoms calculated with the converted plane wave format BFD
and ccECP potentials using PBE are given. The experimental values are also given as a
reference.

Method Ionization Potential (eV) Electron Affinity (eV)

PBE (BFD) Ga: 5.89, Se: 9.44 Ga: 0.32, Se: 2.15
PBE (ccECP) Ga: 5.89, Se: 9.51 Ga: 0.31, Se: 2.17

Exp Ga: 6.00,1 Se: 9.751 Ga: 0.30,2 Se: 2.023

To convert these Gaussian potentials to plane wave format, we used the ppconvert4 tool

implemented in QMCPACK. We converted these Gaussian potentials to plane wave format

and validated this conversion by calculating the ionization potential (IP) and electron affinity

(EA) at the DFT level. In addition to these BFD energy-consistent potentials, a new set of
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Figure S1: The total energy per formula unit of 2D GaSe as a function of plane wave cutoff
energy for the BFD and ccECP potentials (converted to plane wave format) calculated with
PBE. The results show a converged value of 120 Ry, which was used for all DFT and QMC
calculations.
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Figure S2: The total energy per formula unit of 2D GaSe as a function of k-point grid
for the BFD and ccECP potentials (converted to plane wave format) calculated with PBE.
The results show a converged k-point grid of 6x6x1, which was used for all DFT and QMC
calculations.
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effective core potentials from correlated calculations (ccECP) for Ga and Se have recently

been developed specifically for QMC.5 We also converted these potentials to plane wave

format and benchmarked these along with the BFD potentials at the DFT level. We used

the d local channel for the BFD potential and the s local channel for the ccECP channel.

Since the results of the ccECP and BFD potentials are nearly identical at the DFT level,

we decided to use the BFD potentials since the potentials are almost indistinguishable for

all calculated properties (at most a 0.13 eV energy difference in cohesive energy, 0.07 eV

difference in band gap, 0.06 eV difference for IP and 0.02 eV difference for EA).

For our DFT calculations in VASP, we used standard PBE PAW (as opposed to hard

or soft) potentials from version 5.4.4. For the GW-BSE calculations we used standard

PBE PAW potentials, specifically designed for GW calculations (also from the VASP 5.4.4

library). The standard PBE potentials were chosen (as opposed to hard/soft or potentials

that contain more valence electrons) because they offer a good compromise between accuracy

and computational efficiency. The GW-specific PAW potentials are necessary for convergence

at the GW-BSE level.
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Figure S3: The timestep convergence test for the cohesive energy of monolayer GaSe. A 36
atom cell was used for the convergence testing.
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Figure S4: The timestep convergence test for the total energy of a single Ga atom and a single
Se atom. The timestep extrapolated values for total energy were used in the calculation of
cohesive energy.

Table S2: The cohesive energy per formula unit (Ecoh) and the interlayer binding energy
(Eb) for 2D GaSe obtained from structural relaxation with each respective DFT functional.
Pseudopotential choice is indicated in parenthesis.

Method Ecoh (eV/f.u.) Eb (eV)

PBE (PAW) -6.657 -0.002
PBE+D2 (PAW) -7.091 -0.097
PBE (BFD) -7.112 -0.029
PBE+D2 (BFD) -7.558 -0.121
PBE (ccECP) -6.988 -0.002
PBE+D2 (ccECP) -7.428 -0.084
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Investigation of Electronic and Optical properties using

DFT and DMC

Table S3: The Kohn-Sham electronic gap for 2D GaSe calculated with the relaxed geometry
of each respective DFT functional for the Γ-M, Γ-Γ and Γ-K transitions in eV. Pseudopo-
tential choice is indicated in parenthesis.

Γ-M Γ-Γ Γ-K

Kohn-Sham eigenstates
PBE (PAW) 2.277 1.919 2.718
PBE (BFD) 2.393 2.406 2.591
PBE (ccECP) 2.400 2.302 2.631
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Figure S5: The finite-size scaling of the optical band gap for the Γ-Γ and Γ-K transition. Sim-
ulations were performed at N = 72, 48, 36, 24 atoms for both transitions, and also performed
at N = 64 for the Γ-Γ transition.

The gap as N →∞ was extrapolated from the calculated data.

In addition to G0W0, we solved the Bethe-Salpeter equation (BSE) using G0W0 as a

starting point for PBE and SCAN wavefunctions. From here we were able to obtain the

frequency-dependent dielectric function shown in Fig. S7. The first peak of the dielectric

function is the optical gap of the material. In addition we calculated the electron-hole

coupling strength at each point in the Brillouin zone (BZ) on top of the G0W0 quasiparticle

band structure, shown in Fig. S8.
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Figure S6: The total energy per formula unit of the neutral GaSe cell (red) and the energy
of the Γ-Γ (blue) and Γ-K (green) excited cell as a function of 1/N.
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Figure S7: The frequency dependent imaginary part of the dielectric function calculated
with BSE using PBE (black) and SCAN (black) wavefunctions using PAW potentials. The
first peak shown represents the optical band gap.
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Figure S8: The G0W0 quasiparticle band structure of GaSe with the fat bands projected on
it for a) PBE and b) SCAN wavefunctions (both with PAW potentials). The color represents
the contribution of e-h pairs at each point in the Brillouin zone (|A1

c,v,~k
|) to the first exciton

wavefunction.

The exciton wavefunction can be expressed in an electron-hole product basis, Φ1 =∑
c,v,~k A

1
c,v,~k

Φc,~kΦv,~k, where Φ represents an eigenstate in the electron-hole basis, A represents

the electron-hole coupling strength, and the indexes c, v, and ~k represent the conduction

band, valence band and specific point in the BZ (see reference6). The first eigenstate of

the BSE eigenvalue problem, the first exciton peak, can be visualized by plotting |A1
c,v,~k
| as

a fat band structure (which was previously demonstrated in6). The color axis of Fig. S8

represents the electron-hole coupling strength.
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Figure S9: The total ground state charge density of monolayer GaSe calculated with a) DFT
(PBE) and b) DMC using BFD pseudopotentials. The isosurface value of both figures were
set to 0.05 e/Å3
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