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Ab initio Adatom Potential

The screened potential of a charged adatom on a molybdenum disulfide (MoS2) monolayer is

obtained by first calculating the dielectric matrix εGG′(q) of an infinite stack of MoS2 sheets

and then calculating ε−1
2D(q) using1

ε−1
2D(q) =

q

2πe2Lz

∑
GzG′z

ε−1
GzG′z

(q)vtrunc(|q + G′z|), (S1)

where Gz and G′z denote reciprocal lattice vectors along the out-of-plane (z) direction,

vtrunc is a slab-truncated Coulomb interaction2 and Lz denotes the distance between the

stacked sheets. To do this, we first perform density-functional theory (DFT) calculations

within the generalized gradient approximation (GGA), using the Perdew-Burke-Ernzerhof

(PBE) exchange-correlation functional and optimized norm-conserving Vanderbilt pseudopo-

tentials.3 Calculations were carried out using the Quantum Espresso software package.4 To
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Figure S1: Inverse dielectric function of MoS2 for both a fitted functional form (blue curve) and
sampled ab initio (green markers).

determine the ground state electron density, we use a 14 × 14 Γ-centred k-point mesh and

an 80 Ry plane-wave cutoff. The stacked MoS2 sheets are separated by Lz = 15.95 Å in the

out-of-plane direction. Next, the inverse dielectric matrix ε−1
GG′(q) is calculated using the

BerkeleyGW software package,5 on a 30×30 q-point mesh using a plane-wave cut-off of 30 Ry

and we sum over 2587 unoccupied states. The sampled points are shown in Fig. S1 as green

circles, showing that the inverse dielectric function is isotropic at small wavevectors. Having

determined ε−1
2D(q) = ε−1

2D(q) from first principles on a discrete q-point mesh, we fit the high-q

and low-q regions to a functional form, and express the remaining mid-q region as the sum

of the inverse dielectric function of the tight-binding calculation and a correction in order to

perform integrations in reciprocal space more easily. For q < qlow with qlow ≈ 0.23 Å
−1

, the

sampled dielectric function is fitted to tanh(x), as this has been previously used to describe

the long-range screening of thin-film semiconductors.6 This takes the form:

εlow(q) = κ1 tanh

(
qh1

2
+

1

2
ln

∣∣∣∣κ1 + 1

κ1 − 1

∣∣∣∣) , (S2)
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where we find κ1 = 6.68 and h1 = 13.17 Å. For qlow ≤ q < qhigh, where qhigh = 1.5 Å
−1

, we

represent ε−1
2D(q) using the dielectric function of the three-band tight-binding model, given

by

εTB(q) = 1− vq
Ω

∑
nn′

∑
k∈BZ

(fnk − fn′k+q)|Mnn′(k,q)|2
Enk − En′k+q

, (S3)

where vq = 2π/q is 2D Fourier transform of the Coulomb potential, Ω is the unit cell area,

and Mnn′(k,q) = 〈ψnk|e−iq·r|ψn′k+q〉 is the matrix element. For q < 1.5 Å
−1

, we find that

ε−1
TB(q) ≡ 1/εTB(q) is highly isotropic and we carry out an angular average to obtain ε̄−1

TB(q).

To include the effect of the other bands on screening, we employ the correction proposed by

Wehling at al.7 which captures to electrostatic screening of a thin film with thickness h2 and

dielectric constant κ2 at long wavelengths:

δε−1(q) =
1

κ2

κ2 + 1 + (κ2 − 1) e−qh2

κ2 + 1− (κ2 − 1) e−qh2
− 1. (S4)

The parameters κ2 = 0.69 and h2 = 0.73 Å were fitted to the ab initio inverse dielectric

function. At large values of q ≥ qhigh, the tail of the dielectric function is fitted to εhigh(q) =

1 + χc/q, where χc = 1.83 Å
−1

. In summary, we fit ε−1
2D(q) in Eq. S1 to the functional form:

ε−1
2D(q) =


ε−1

low(q), q < qlow,

ε̄−1
TB(q) + δε−1(q;h, κ), qlow ≤ q < qhigh,

ε−1
high(q), q ≥ qhigh,

.

ensuring continuity between intervals. The corrected dielectric function ε−1
2D(q) is shown in

Fig. S1, comparing ab initio results with the corrected dielectric function.
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Reciprocal-space Impurity Envelopes

To identify the origin in the Brillouin zone (BZ) of impurity states, we construct unperturbed

N × N supercell eigenstates using unit cell states |ΨUC
gm〉 which fold onto the Γ point, such

that g = G/N lies in the first BZ of the unit cell system and m is the band index. For each

−1.0 −0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

kx (Å
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−1

)

−1.0

−0.5

0.0

0.5

1.0

k
y

(Å
−

1
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

(a) 1s (K − centered) (b) 1s (Γ − centered)

(c) 2p (K − centered) (d) 2p′ (K − centered)

(e) 2s (K − centered)

Figure S2: Projections of top five impurity states in the Brillouin Zone, for a Z = −0.3 acceptor
charge placed d = 2 Å above a MoS2 monolayer. The inset shows the projections centred on their
respective high-symmetry points.
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Figure S3: Projections of top eight impurity states in the Brillouin Zone, for a Z = 0.3 donor
charge placed d = 2 Å above a MoS2 monolayer.

g, we create the set of eigenstates

|Ψ(N)
Γn
〉 ≡ |Ψ(N)

gm 〉 =
1

N



eig·τ0

eig·τ1

...

eig·τN−1


⊗
|ΨUC

gm〉,

where τi is position of the ith unit cell in the supercell, and n now orders the folded eigenstates

at Γ in energy. We project the eigenstates of the perturbed supercell onto the set
{
|Ψ(N)

gm 〉
}

to determine the origin g in the BZ of the impurity states. For acceptor states at Z = −0.3,

in Fig. S2 we show the projections in the BZ. These are centered on their respective origins

in the BZ, and demonstrate interesting localisation. For the 1s states, we see that the Γ state

is more delocalized in k−space than the state from K. The 2s states, originating from K,

demonstrate three-fold anisotropy attributed to the trigonal warping of the valence bands

at K. This clear anisotropy manifests itself in the three-fold symmetric acceptor impurity

state wavefunctions in the main text, with orientation determined by the correspondence

between the crystal lattice vectors and reciprocal lattice vectors. While Fig. S2 shows only
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the absolute square of the projection for the 2p and 2p′, the phases for the 2p and 2p′ are

opposite in sign and similar in value, resulting in a π rotation of the 2p state onto the

2p′ state. Anisotropy in the reciprocal-space impurity envelope occurs most prominently at

inverse scales ≈ 0.06 Å
−1 − 0.16 Å

−1
, corresponding to trigonal lobes at ≈ 20 Å from the

impurity bonding site. This anisotropy is not as prominent in the 2s state and negligible

in the 1s state, which results in more isotropically distributed impurity wavefunctions. We

have not shown the states at K ′, as they contain the same information as Fig. S3. When the

K and K ′ fold onto Γ, states from both points have a set of 1s, 2s, 2p/p′ states with opposite

spin in the three-band model. We also show the projection of the donor states for a charge

of Z = 0.3.
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