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S1 Ag(100) reference photoelectron spectroscopy

S1.1 ARPES Constant Binding Energy (CBE) maps

a) b) L HL H

Figure S1: Reference ARPES CBE maps of clean Ag(100). a: At EB = 1.2 eV
(corresponding to MgPc ML and 2L HOMO; main text Fig. 3b, c). b: At EB = 0.1 eV
(corresponding to MgPc ML LUMO; main text Fig. 3a). White arrows label Ag(100) high
symmetry directions.
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S1.2 ARPES Energy Distribution Curves (EDCs)

a) b)

L H L H

Figure S2: Reference ARPES EDCs of clean Ag(100). a, b: ARPES intensity,
I(EB, k‖), as a function of k‖ and EB, for k‖ along Ag(100) Γ̄ − M̄ (a) and Γ̄ − X̄ (b)
orientations. Green arrows: Ag sp-band features. Data symmetrized with respect to k‖ = 0
due to non-normal incidence of UV beam, i.e., I(EB, k‖) = I(EB,−k‖) (see Methods in main
text).
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S2 MgPc Bilayer (2L): ARPES EDCs and Tight-Binding

(TB) Model

Similar to the ML (Fig. 4 in main text), we acquired ARPES intensity data, I(EB, k‖), as

a function of EB, for k‖ along the Ag(100) Γ̄− M̄ and Γ̄− X̄ orientations, for the 2L (Fig.

S3a, b). We fit I(EB, k‖) for EB within the range [∼ 0.6 eV,∼ 2 eV] related to the HOMO,

for different k‖ values, with a single Gaussian peak and a Shirley background (Fig. S3c,

d). The full-width-at-half-maximum (FWHM) of this 2L HOMO Gaussian peak is 478 ± 6

meV, larger than that for the ML (401 ± 6 meV; see main text). This increase in FWHM

could be explained by the photon beam spot size (>100 µm) and sampling depth including

contributions from the underlying ML.

Similar to the ML (Fig. 4e, f in main text), the EB position of this 2L HOMO Gaussian

peak varies with k‖ (Fig. S3 e, f). We fit this experimental 2L HOMO EB positions for k‖

along the Ag(100) Γ̄ − M̄ (Fig. S3e) and Γ̄ − X̄ (Fig. S3f) directions with E(kx, ky) (Eqn.

2 of the main text) resulting from the single-band (i.e., one HOMO per MgPc film unit

cell) nearest-neighbor tight-binding (TB) model. This fit yields an intermolecular hopping

integral t = −5.2± 0.2 meV (compared to −2.5 meV for the ML), and, for k‖ along Γ̄− M̄ ,

a MgPc 2L top-layer lattice constant b = 15.2 Å and an angle α = 32.6± 2◦ between MgPc

2L top-layer and Ag(100) unit cell vectors (b = 16 Å and α = 27 ± 2◦ along Γ̄ − X̄). The

bandwidth BW = 8|t| of this HOMO-related energy dispersion for the 2L seems twice that

for the ML; this could be explained by some degree of interlayer π-stacking.1,2 The ∼10 meV

offset of the average HOMO EB position for the 2L along the Ag(100) Γ̄ − M̄ orientation

(Fig. S3e) is likely due to a change in PES signal background noise for that scan.
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Figure S3: ARPES energy distribution curves (EDCs) of MgPc bilayer (2L) on
Ag(100). a, b: ARPES intensity, I(EB, k‖), as a function of k‖ and EB, measured for
k‖ along Ag(100) Γ̄ − M̄ (a) and Γ̄ − X̄ (b) azimuthal orientations. White boxes: k‖
and EB ranges related to LUMOs and HOMO. Green arrows: Ag sp-band features. Black
dashed line: tight-binding HOMO-related energy dispersion for full k‖ range [using same
fitted parameters as in (e, f)]. c, d: ARPES intensity, I(EB, k‖), as a function of EB

for different k‖ [related to HOMO; lower boxes in (a, b)] along Ag(100) Γ̄ − M̄ (c) and
Γ̄ − X̄ (d) orientations. Curves offset for clarity. Blue crosses: experimental data after
Shirley background subtraction; blue curves: single Gaussian peak fit (shaded grey area);
red dots: fit Gaussian peak energy positions; black vertical line: average Gaussian peak
energy position. Symbols match curves to k‖ values indicated by grey vertical dashed lines
in (e, f). e, f: Energy positions of HOMO-related fit Gaussian peak versus k‖ along Ag(100)
Γ̄ − M̄ (e) and Γ̄ − X̄ (f) orientations (red dots). Grey shaded regions: Gaussian peak fit
standard error plus kBT (T = 293 K, accounting for room temperature thermal broadening)
for each data point. Dashed black curve: fit resulting from single-band tight-binding model.
The ∼10 meV offset of the average HOMO EB position for Γ̄− M̄ (e) relative to Γ̄− X̄ (f)
as well as the ML (main text Fig. 4) is likely due to a change in PES signal background
noise for that scan.
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S3 TB Model Intermolecular Hopping Integral t : Fit

vs. Calculation

We compared the TB inter-HOMO hopping integral t = −2.5±0.2 (ML) and −5.2±0.2 meV

(2L), retrieved from fitting the experimental HOMO EB positions for k‖ along the Ag(100)

Γ̄− M̄ and Γ̄− X̄ directions (main text Fig. 4e, f for ML; Fig. S3e, f for 2L) with E(kx, ky)

in main text Eqn. 2, with the value of t calculated as

t =
〈

Ψ
(j±1)
HOMO|Hint|Ψ(j)

HOMO

〉
(1)

Here, Ψ
(j)
HOMO and Ψ

(j±1)
HOMO are nearest-neighbour HOMOs (at sites j and j ± 1 within

the MgPc ML) calculated by DFT in the gas phase (inset main text Fig. 3b), and Hint

is an effective Coulomb interaction Hamiltonian between Ψ
(j)
HOMO and Ψ

(j±1)
HOMO. In Hint =

− βe2

4πε0
1

|r−r(j±1)
Mg |

(determined in previous work3), β ≈ 5.9 is a unitless constant that determines

the strength of the inter-MgPc interaction, r
(j±1)
Mg is the position vector of the nearest-neighbor

MgPc centre, e is the electron charge and ε0 is the vacuum permittivity. This calculation,

in which we considered the structural properties of the MgPc ML (i.e., MgPc ML unit cell

vectors, molecular orientation within ML) as determined by SPM and LEED measurements

(main text Fig. 1), yields t ≈ 10−5 eV. The calculated value of t (for the DFT-calculated gas-

phase HOMO) becomes more substantial, on the order of a few meV’s (∼3 meV, consistent

with experiment), when the ML lattice constant is reduced by ∼2 Å (from b = 15.3 to 13

Å, i.e., by ∼10%), and when the angle between MgPc isoindole-isoindole axis and MgPc

film unit cell vectors is slightly altered (28.5◦, compared to measured 29◦). Based on a

previous study,3 the fact that our experiments suggest a value of t for the ML two orders of

magnitude larger than the calculated t can be explained by electronic hybridization between

MgPc and underlying metal, which can lead to the spatial extension of ΨHOMO(r), resulting

in an increase of inter-HOMO overlap and hence in a significantly larger observed t. That

is, assuming an altered, smaller lattice constant for the MgPc ML, and considering the
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gas-phase HOMO (which yields t ≈ 3 meV), is effectively analogous to a spatial expansion

of ΨHOMO(r) [resulting from MgPc-Ag(100) hybridization, consistent with previous work3].

This approach allows us to avoid challenges in estimating t via Eqn. 1 using DFT-calculated

on-Ag(100) molecular orbitals, which have an intricate real-space morphology (in comparison

with the gas-phase ones).3 As mentioned above, the larger t retrieved from the fitting for

the 2L could be explained by some degree of π-stacking between 1st and 2nd MgPc layers,

enhancing interactions between MgPc’s.

S4 Near-Fermi ARPES EDCs and TB Model for MgPc

Monolayer (ML) and Bilayer (2L)

ARPES EDCs acquired for the 2L, for EB near the Fermi level (Fig. S4a, b), can be fitted

with a Fermi-Dirac distribution; we do not observe features related to the MgPc LUMOs

(the single Gaussian fit parameters are unrealistically broad). That is, for the 2L top-layer,

LUMOs are unpopulated and lie above the Fermi level, consistent with STS measurements

(main text Fig. 2). For the ML (Fig. S4c, d), near-Fermi ARPES EDCs can be fitted by a

sum of a Fermi-Dirac distribution and a Gaussian peak. We attribute the Gaussian peak to

the MgPc LUMOs populated via Ag(100)-to-MgPc electron transfer,3 consistent with STS

measurements (main text Fig. 2).

In the following, we focus on the k‖-dependent EB position of the LUMO-related fit

Gaussian peaks in Fig. S4c, d (Fig. S4e, f). Similar to the single-band TB model ac-

counting for inter-HOMO hopping, we considered a nearest-neighbor TB model account-

ing for hopping between the populated LUMOs of the ML. The two-fold degeneracy of

the LUMOs, ΨLUMO,1(r) and ΨLUMO,2(r), requires a two-band TB model taking into ac-

count four different hopping integrals between adjacent sites j and j + 1 within the ML:

t0 =
〈

Ψ
(j)
LUMO,1|Hint|Ψ(j)

LUMO,2

〉
; t1 =

〈
Ψ

(j±1)
LUMO,1|Hint|Ψ(j)

LUMO,1

〉
; t2 =

〈
Ψ

(j±1)
LUMO,2|Hint|Ψ(j)

LUMO,2

〉
;

t3 =
〈

Ψ
(j±1)
LUMO,1|Hint|Ψ(j)

LUMO,2

〉
.
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Figure S4: Near-Fermi ARPES EDCs for MgPc monolayer (ML) and bilayer (2L):
populated LUMOs features. a, b: PES counts as a function of EB for 2L, for EB range
near the Fermi level (upper white boxes in Fig. S3a, b) for different k‖ along Ag(100) Γ̄−M̄
(a) and Γ̄ − X̄ (b) orientations. Solid blue curve: fit to data composed of single Gaussian
peak and Fermi-Dirac distribution (yielding unrealistically broad Gaussian peak). c, d:
Same as (a, b), for ML (upper blue boxes in main text Fig. 4a, b). Curves offset for clarity.
Blue crosses: experimental data. Solid blue curves: fit including Fermi-Dirac distribution
(shaded red area) and single Gaussian peak (shaded grey area). Red dots: fit Gaussian
peak energy positions. Black vertical line: average Gaussian peak energy position. Symbols
match curves to k‖ values indicated by grey vertical dashed lines in (e, f). e, f: Energy
positions of near-Fermi fit Gaussian peak in (c, d) versus k‖ along Ag(100) Γ̄ − M̄ (e) and
Γ̄− X̄ (f) orientations, for ML (red dots). Grey shaded region: full-width-at-half-maximum
of Gaussian fits for different k‖ in (c, d). Points for which fit standard error exceeded 12 meV
were omitted. Solid black curves: energy dispersions resulting from two-band tight-binding
model for hopping integrals calculated for LUMOs: resulting energy dispersion bandwidths
are significantly smaller than experimental resolution.
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The two TB energy dispersions E1,2(kx, ky) resulting from such inter-LUMO hopping are

given by the eigenvalues of the following matrix:

E0 + 2t1 cos (ky · b) + 2t2 cos (kx · b) t0 + 2t3 (cos (kx · b) + cos (ky · b))

t0 + 2t3 (cos (ky · b) + cos (kx · b)) E0 + 2t1 cos (kx · b) + 2t2 cos (ky · b)

 (2)

Here, E0 is the eigenenergy of the LUMOs for a single isolated MgPc, and t0 = 47, t1 =

3.5, t2 = 5.1 and t3 = −7 meV were calculated by their definition above. In these calculations

of t0, ..., t3, we considered DFT-calculated gas-phase ΨLUMO,1(r) and ΨLUMO,2(r),
3 and the

same Hint as for the HOMO-related TB model, with a MgPc ML geometry (i.e., angle

between MgPc isoindole-isoindole axis and MgPc ML unit cell vectors, Mg-Mg distance)

slightly adjusted (with respect to that given by SPM and LEED measurements) such that

t =
〈

Ψ
(j±1)
HOMO|Hint|Ψ(j)

HOMO

〉
calculated for the DFT-derived gas-phase HOMO matched the t

from fitting the MgPc ML EDC data in Fig. 4 of main text (see above). The obtained LUMO-

related, near-Fermi energy dispersions E1(kx, ky) and E2(kx, ky) are shown in Fig. S4e, f.

Here, the two-fold degeneracy of the LUMOs, giving rise to these two TB-modeled near-

Fermi bands (with bandwidths significantly narrower than the FWHM of the fit Gaussian

peaks in Fig. S4c, d), hinders us to resolve (within our experimental conditions and energy

resolution) the k‖-dependent, LUMO-related energy dispersions E1(kx, ky) and E2(kx, ky), in

contrast with the single HOMO-related band (main text Fig. 4, Fig. S3).
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S5 LEED data of MgPc ML

Figure S5: LEED pattern of MgPc ML on Ag(100). Same data as Fig. 1e of main
text with no annotations or superimposed LEEDPat simulation features.
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