
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

gu
si

to
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

2/
11

/2
02

5 
10

:1
7:

32
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Direct observatio
aSchool of Physics and Astronomy, Mon

Australia. E-mail: agustin.schiffrin@monash
bARC Centre of Excellence in Future Low-E

University, Clayton Victoria 3800, Australia
cAustralian Synchrotron, 800 Blackburn Roa
dCentre for Quantum Computation and Com

The University of Melbourne, Parkville Victo
ePhysik-Department, Technische Universität
fChair for Theoretical Chemistry, Catalysis

Munich, Lichtenbergstraße 4, D-85747 Garc

† Electronic supplementary infor
https://doi.org/10.1039/d2na00385f

‡ These authors contributed equally to th

Cite this: Nanoscale Adv., 2022, 4,
3845

Received 16th June 2022
Accepted 20th July 2022

DOI: 10.1039/d2na00385f

rsc.li/nanoscale-advances

© 2022 The Author(s). Published by
n of narrow electronic energy
band formation in 2D molecular self-assembly†

Jack Hellerstedt, ‡ab Marina Castelli,‡ab Anton Tadich,c Antonija Grubišić-Čabo, a
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Surface-supported molecular overlayers have demonstrated versatility as platforms for fundamental

research and a broad range of applications, from atomic-scale quantum phenomena to potential for

electronic, optoelectronic and catalytic technologies. Here, we report a structural and electronic

characterisation of self-assembled magnesium phthalocyanine (MgPc) mono and bilayers on the Ag(100)

surface, via low-temperature scanning tunneling microscopy and spectroscopy, angle-resolved

photoelectron spectroscopy (ARPES), density functional theory (DFT) and tight-binding (TB) modeling.

These crystalline close-packed molecular overlayers consist of a square lattice with a basis composed of

a single, flat-adsorbed MgPc molecule. Remarkably, ARPES measurements at room temperature on the

monolayer reveal a momentum-resolved, two-dimensional (2D) electronic energy band, 1.27 eV below

the Fermi level, with a width of �20 meV. This 2D band results from in-plane hybridization of highest

occupied molecular orbitals of adjacent, weakly interacting MgPc's, consistent with our TB model and

with DFT-derived nearest-neighbor hopping energies. This work opens the door to quantitative

characterisation – as well as control and harnessing – of subtle electronic interactions between

molecules in functional organic nanofilms.
1 Introduction

Organic molecular lms adsorbed on surfaces have shown
remarkable versatility as platforms for fundamental scientic
research with potential for applications in nanoelectronic
devices,1–4 catalysis,5 and optoelectronics.6,7 It is therefore
essential to understand – and ultimately control – the interplay
between morphology and electronic structure of such surface-
supported molecular systems, from the dilute to many-layer
limit.8 For instance, when adsorbed on a metal, the character-
isation of such overlayers can shed light on possible
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interactions that could occur with metal interconnects in
prospective electrical input/readout devices based on organic
molecules.

In particular, metallated tetrapyrrole molecules such as
metal-phthalocyanines (M-Pc)9,10 – with their robust and exible
planar p-conjugated ligand coordinated with a central metal
atom – allow for versatile on-surface self-assembling into
functional ordered 2D superlattices, including crystalline
monolayers (ML),11–14 bilayers (2L)15,16 and beyond. Their elec-
tronic properties can be tuned by the selection of the metal
centre, peripheral functional groups (inuencing intermolec-
ular and molecule-surface interactions, and steering the self-
assembly) and the underlying substrate.10 These compounds
can be used as functional materials for, e.g., catalysis,17 photo-
voltaics,18 light-emitting devices,19 nanoelectronics20 and
sensing.21 A relevant example is magnesium phthalocyanine
(MgPc), which is a part of the chlorophyll molecule responsible
for photosynthesis in bioorganisms22,23 and has potential for
light-harvesting and light-emitting technologies.24,25 The fron-
tier electronic structure of neutral, isolated MgPc consists of
a single highest occupied molecular orbital (HOMO) and two
degenerate lowest unoccupied molecular orbitals (LUMOs),
separated by 1.4 eV; both HOMO and LUMOs have strong
dominant contributions from phthalocyanine (Pc) ligand
states.26
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Here, we focus on themorphology and electronic structure of
the MgPc ML and 2L self-assembly on the weakly interacting
Ag(100) surface, studied via low-temperature scanning
tunneling microscopy (STM) and spectroscopy (STS), non-
contact atomic force microscopy (ncAFM) and angle-resolved
photoelectron spectroscopy (ARPES), and supported by density
functional theory (DFT) and tight-binding (TB) modeling. While
MgPc on Ag(100) has been investigated recently by STM, STS
and ncAFM in the dilute few-molecule regime,26 ordered mono-
to few-layers on this surface have not yet been studied to our
knowledge, in particular via ARPES. The latter has allowed for
determining the momentum-resolved, near-Fermi, electronic
band structure of molecular crystals,27,28 as well as crystalline
molecular multilayers29,30 and monolayers adsorbed on metal
surfaces.31–34 In these systems composed of non-covalently
bonded p-conjugated molecules, direct (e.g., p-stacking) or
indirect (e.g., mediated by molecule-surface interactions)
intermolecular hybridisation gives rise to signicant band-
widths, on the order of 100 meV up to 1 eV. There have been
indications of a narrow bandwidth (<20 meV) energy dispersion
resulting from direct intermolecular hybridisation in a 2D
molecular self-assembly on a weakly interacting metal; however,
such narrow band structure has not been clearly resolved nor
quantitatively modeled.35 In the case where molecule–molecule
interactions can be omitted, ARPES of 2D self-assembled
molecular monolayers can retrieve the real-space morphology
of molecular orbitals (MOs) via orbital tomography,36–39 also
providing information on molecule-surface charge transfer and
energy level alignment.40–42

In this work, we resolve, via ARPES measurements at room
temperature, the narrow bandwidth (�20 meV) electronic
energy dispersion resulting from in-plane inter-HOMO hybrid-
ization within a 2D self-assembled ML of MgPc on Ag(100).

2 Results & discussion
2.1 Morphology of MgPc ML and 2L on Ag(100): STM,
ncAFM

MgPc deposited onto Ag(100) held at room temperature forms
well-ordered, self-assembled ML molecular lms. Fig. 1a and
b shows STM topographic images of the saturated ML, with
a close-packed arrangement of MgPc. For bias voltages (Vbias) far
below the Fermi level (Fig. 1a) MgPc molecules are imaged as
cross shapes, characteristic of their gas-phase structure (over-
laid ball-and-stick model), with subtle chiral intermolecular
features between adjacent isoindole units, similar to previous
studies of M-Pc's in the dilute limit.44 For Vbias closer to the
Fermi level (Fig. 1b), the appearance of MgPc is altered, with
increased intensity at the peripheral isoindole units, and with
more pronounced chiral intermolecular features (red dashed
ellipse). These chiral intermolecular features hint towards some
degree of intermolecular electronic hybridisation.26

When increasing the amount of molecules deposited on the
surface at room temperature, a second crystalline layer (2L) of
close-packed MgPc adheres to the ML, as shown in Fig. 1c and
d. We estimated that the room temperature sticking coefficient
on the ML is �2.5 times smaller than on bare Ag(100). Via
3846 | Nanoscale Adv., 2022, 4, 3845–3854
Fourier analysis over large-scale STM topographies, we deter-
mined that both the ML and 2L consist of a square lattice with
a lattice constant b ¼ 1.53 � 0.02 nm, consistent with previous
studies of planar M-Pc self-assemblies.11,45 Our STM imaging
reveals the molecules in the 2L have their symmetry axes
(dened by opposite isoindole units; violet arrows in Fig. 1)
rotated by �5� with respect to those in the ML.

Similar to Fig. 1a, ML MgPc's appear as chiral crosses (we
attribute the signicant differences in ML MgPc imaging
between Fig. 1a and c to a different STM tip). STM imaging of
the 2L MgPc's is qualitatively different, with a double lobe
structure at the end of each isoindole unit (black dashed circles,
Fig. 1c), reminiscent of the HOMO morphology of other M-Pc's
adsorbed on insulating layers.46 At positive Vbias ¼ 1 V (Fig. 1d),
2L molecules are imaged with signicant apparent height at the
Pc ring periphery, with an apparent depression at their Mg
centre, and with two orthogonal nodal planes along the iso-
indole–isoindole axes (black dashed lines in Fig. 1d). Similar
STM topographies [e.g., measured on a decoupling layer,46 and
on Ag(100) for dilute MgPc's26] have been attributed to the
doubly degenerate LUMOs of neutral gas-phase M-Pc's. This is
again qualitatively different from Vbias ¼ 1 V imaging of MgPc in
the ML. From these variations in bias-dependent STM imaging,
we infer that the electronic properties of ML and 2L differ
qualitatively, indicating some degree of interactions between
MgPc and Ag(100) for the ML, consistent with the dilute case.26

Low-energy electron diffraction (LEED) characterization of
the ML (Fig. 1e) revealed the orientation of the MgPc ML
superlattice relative to the underlying Ag(100) surface, with two
mirror-symmetric ML congurations (red and blue markers,
determined using LEEDPat43) with square unit cell vectors
rotated by a ¼ �37� with respect to the Ag(100) high-symmetry
orientations. The real-space ML MgPc arrangement corre-
sponding to this LEED pattern is shown in the overlaid ball-and-
stick chemical structure in Fig. 1f, consistent with STM imaging
in Fig. 1a–d. The ratio between the Ag(100) and MgPc ML lattice
constants, 0.189� 0.013, determined from STMmeasurements,
agrees reasonably with the value 0.2 inferred from LEED
measurements and corresponding LEEDPat simulation in
Fig. 1e. Via atomically and sub-molecularly resolved ncAFM
imaging (tip functionalised with carbon monoxide molecule;
see Methods), we determined the atomic registration of a single
MgPc with respect to the Ag(100) lattice (Fig. 1f), with the MgPc
isoindole–isoindole axes (violet arrows) rotated by 29� relative to
the Ag(100) unit cell vectors. This orientation of single MgPc
relative to Ag(100) is the same as in the ML (as inferred from the
combination of single MgPc STM, and ML STM and LEED), and
is consistent with previous studies of M-Pc's on Ag(100).45,47

From these STM, LEED and ncAFM data, we can express MgPc
ML unit cell vectors b1 and b2 relative to Ag(100) unit cell vectors
a1 and a2:  

b1
b2

!
¼
"
4:24 �3:20
3:20 4:24

# 
a1
a2

!
(1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 MgPcmonolayer (ML) and bilayer (2L) self-assemblies on Ag(100). (a)–(d) STM topographies of ML [It ¼ 100 pA, Vbias ¼�2 V (a) and Vbias ¼
�0.1 V (b)] and 2L [It ¼ 100 pA, Vbias ¼ �2 V (c) and Vbias ¼ 1 V (d)] with MgPc chemical structure superimposed (grey: carbon; blue: nitrogen;
white: hydrogen; green: magnesium). Blue arrows: unit cell vectors b1 and b2 of 2D square molecular lattice (lattice constant: b ¼ kb1k ¼ kb2k ¼
1.53� 0.02 nm). Violet arrows: MgPc isoindole axes. (e) LEED pattern (electron energy: 25.5 eV) of MgPc ML. Orange dashed lines: Ag(100) high-
symmetry directions. Superimposed blue and red dots correspond to LEEDPat43 simulation for MgPc arrangement within ML, consistent with
STM data (with �37� angle between MgPc self-assembly and Ag(100) high-symmetry directions). Dashed blue and red squares: Brillouin zone
boundaries of equivalent, mirror-symmetric MgPc ML configurations. LEED image with no annotation available in Fig. S5 of ESI.† (f) Constant-
height ncAFM image of single MgPc, including Ag(100) atomic resolution for MgPc registration [STM setpoint: Vbias ¼ 1.5 mV, It ¼ 10 pA on MgPc;
Vbias ¼ 1.5 mV, It ¼ 220 pA on Ag(100)], with superimposed MgPc chemical structure consistent with ML MgPc arrangement given by STM (a) and
(b) and LEED (e). MgPc isoindole axes (violet) and MgPc superlattice unit cell vectors (blue) are rotated by 29� and 37�, respectively, relative to
Ag(100) unit cell vectors (orange arrows).
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2.2 Electronic structure: STS, photoelectron spectroscopy
(PES)

To gain insight into the electronic properties of MgPc ML and
2L, we performed dI/dV STS and ARPES measurements (Fig. 2;
see Methods). The dI/dV spectrum (normalised by I/V) acquired
at a peripheral isoindole site of an isolated molecule (for
reference; Fig. 2a) shows two main features at �1.4 V and
�0.1 V, associated with the HOMO and LUMOs, respectively
(i.e., here the LUMOs are populated due to substrate-to-
molecule electron transfer26,44). The normalised dI/dV spec-
trum recorded on an equivalent Pc ligand site for the ML shows
similar electronic features at similar energies (indicated by
vertical solid grey lines in Fig. 2a).

For the 2L, the normalised dI/dV spectrum differs signi-
cantly, with a broad electronic resonance centred at ��1.6 V
and a sharp resonance at +0.7 V. The broad feature at negative
bias exhibits a double peak structure, one at �1.71 and one at
�1.49 V. By comparison to the ML, we attribute the peak closest
to the Fermi level to the HOMO (�1.49 eV, consistent with STM
© 2022 The Author(s). Published by the Royal Society of Chemistry
topography at negative bias, Fig. 1c), and the peak at�1.71 eV to
the HOMO�1.49 We attribute the resonance at +0.7 V to the
LUMOs, again consistent with the STM topography (Fig. 1d).
Note that this peak associated with the LUMOs has an asym-
metric shape, with an elongated tail at higher energies,
consistent with vibronic replica, as seen in general for mole-
cules on insulating substrates.50–52 In this 2L case, the rst layer
acts as a decoupling layer, hindering electron transfer from
Ag(100) to second layer molecules, resulting in unoccupied
LUMOs above the Fermi level. This is consistent with the lower
HOMO energy (in comparison to the sub-ML and ML cases), the
latter being indicative of a higher ionization energy and lower
hole stabilization energy, arguably due to decreased electronic
screening by the (more distant) underlying metal and to the
neutral charge state of the second layer MgPc's.

Fig. 2b shows PES spectra for sub-ML, ML and 2L coverages
of MgPc, resulting from ARPES measurements [i.e., photoelec-
tron count intensity, I(kk, EB) ¼ I(kx, ky, EB), as a function of in-
plane wavevector kk and binding energy EB] integrated for kkkk
Nanoscale Adv., 2022, 4, 3845–3854 | 3847
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Fig. 2 Electronic structure of dilute, ML and 2L MgPc coverages on
Ag(100). (a) Normalised dI/dV/(I/V) STS spectra acquired at peripheral
isoindole site, for isolated molecule (green; setpoint: It ¼ 3 nA, Vbias ¼
�2 V), ML (red; It ¼ 1 nA, Vbias ¼ 1 V), and 2L (purple; It ¼ 100 pA, Vbias ¼
1.5 V). Spectra for isolated MgPc and ML were subtracted by bare
Ag(100) reference (dashed curves). Inset: STM image (It¼ 10 pA, Vbias¼
�2 V) of isolated MgPc with spectroscopy location indicated by arrow.
ML and 2L spectra were acquired at equivalent locations. (b)
Momentum-integrated photoelectron spectra (PES; solid curves) as
a function of binding energy EB for coverages indicated in legend.
Angle-resolved PES (ARPES) spectra were acquired for in-plane
wavevectors kk along [011] (�G– �M) direction of Ag(100), and integrated
for kkkk ˛ [1.35, 1.85] Å�1. Each spectrum was rescaled by an arbitrary
factor to make them directly visible and comparable with each other.
Integrated PES curves were fitted (dashed curves) with a Shirley
background48 and Gaussian peaks (shaded areas: one for 2L, two for
low coverage and ML) to account for MgPc HOMO and populated
LUMOs.

3848 | Nanoscale Adv., 2022, 4, 3845–3854
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˛ [1.35, 1.85] Å�1 along the [011] (�G– �M) direction of the
underlying Ag(100). For sub-ML and ML coverages, we tted
these spectra with a Shirley background48 and two Gaussian
peaks whose magnitudes increase with MgPc coverage, indi-
cating their molecular origin. The binding energy positions of
these peaks are EB z 1.27 and 0.10 eV (sub-ML), and 1.29 and
0.15 eV (ML). For the 2L, the PES spectrum was tted with
a Shirley background and only one Gaussian peak at EB z
1.31 eV, with no observable peak near EB ¼ 0 (i.e., Fermi level).
These PES peaks, including the vanishing of the near-Fermi
peak for the 2L, are directly comparable to the negative-bias
(i.e., occupied states) STS peaks in Fig. 2a. We therefore attri-
bute the high EB PES peak to the MgPc HOMO (observable for
coverages between sub-ML to 2L) and the low EB peak (observ-
able from dilute to ML coverages) to the (populated) MgPc
LUMOs.

We speculate that the differences in assignment of the
HOMO position of the 2L could be due to the larger sampling
area and sampling depth of the photoelectron experiment
compared to the STS measurement. It is likely that ML areas
contribute to the signal, as well as the 1st layer of the 2L due to
the sampling depth. These contributions would shi the overall
signal to lower binding energy, as observed here. These differ-
ences between PES and STS are comparable to other previously
reported results.53–56
2.3 Electronic structure: ARPES constant binding energy
(CBE) maps

Having assigned the near-Fermi and high-EB PES features in
Fig. 2 to MgPc populated LUMOs (sub-ML to ML cases) and
HOMO (sub-ML to 2L), respectively, we acquired ARPES
constant binding energy (CBE) maps, I(kx, ky, EB ¼ const), for EB
¼ 0.1 (related to the ML populated LUMOs) and 1.2 eV (related
to the ML and 2L HOMO) [Fig. 3; see ESI Fig. S1† for clean
Ag(100)].

The CBE map for the ML at EB ¼ 0.1 eV (le of Fig. 3a, cor-
responding to the populated LUMOs) shows a wavy ring with
a reciprocal space radius of�1.7 Å�1, with 12 oscillations and 4-
fold rotational symmetry, consistent with the symmetry of the
system. This CBEmap is comparable to previous studies of FePc
on Ag(100).11 The wavy ring is not observed for the CBE map of
bare Ag(100) at the same energy (ESI Fig. S1†); it is related to
electronic states of the MgPc self-assembly, with the mean kkkk
radius associated with the characteristic real-space separation
between MgPc orbital lobes.34 We simulated this CBE map59 by
using the DFT-calculated gas-phase MgPc LUMOs (Fig. 3a, right
side), and by accounting for the 4-fold rotational symmetry of
the system and for the �29� angle (based on our ncAFM
measurements, Fig. 1f) between MgPc isoindole–isoindole and
Ag(100) crystalline axes. The subtle experimental features at
kkkk z 1 Å�1 (green arrows in Fig. 3a) are given by the highly
dispersive57,58 Ag sp-bands (ESI Fig. S1†). The experimental CBE
map of the ML at the HOMO binding energy (EB ¼ 1.2 eV) is
shown in Fig. 3b (le). This map is characterised by 4-fold
rotationally symmetric lobes located along the Ag(100) �G–�X
axes, each surrounded by two features of lesser intensity.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 ARPES constant binding energy (CBE) maps of MgPc ML and 2L
on Ag(100). (a)–(c) Experimental (kx < 0) and simulated (kx > 0) CBE
maps of ML at EB ¼ 0.1 eV [LUMO; (a)], and of ML (b) and 2L (c) at EB ¼
1.2 eV (HOMO). Experimental CBE maps correspond to integration
within�0.15 eV-window around chosen binding energy. White arrows
indicate Ag(100) high symmetry directions. Green arrows indicate Ag
sp-band features.57,58 Blue bars denote wavevectors kk considered in
subsequent fit analysis (Fig. 4). Insets: DFT-calculated gas-phase
LUMOs (a) and HOMO (b) and (c) isosurfaces (charge density 5 � 10�3

Å�3; cyan/yellow: positive/negative wavefunction) used for
simulations.
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Similarly to the case of the LUMOs, we simulated this CBE map
(right) by using the DFT-calculated gas-phase MgPc HOMO. The
strong qualitative agreement between simulations and
© 2022 The Author(s). Published by the Royal Society of Chemistry
experimental observations conrms that the STS and PES near-
Fermi and large-EB features (Fig. 2) of the ML are related,
respectively, to the populated MgPc LUMOs and HOMO. This
agreement also indicates that the morphology of these MOs
remain relatively unperturbed by the adsorption on Ag(100). For
the 2L (Fig. 3c), the experimental HOMO-related CBE map (le)
is reproduced by reducing the angle between MgPc isoindole–
isoindole and Ag(100) axes to 26.5�, reasonably consistent with
STM observations (�24�, Fig. 1).

2.4 Electronic structure: ARPES energy distribution curves
(EDCs)

We further acquired ARPES energy distribution curves (EDCs) to
investigate possible electronic intermolecular interac-
tions26,31,33,35 affecting the electronic properties of theMgPc lm,
as suggested by Fig. 1. Fig. 4a and b shows ARPES intensity, I(EB,
kk), as a function of EB, for kk along the Ag(100) �G– �M and �G–�X
orientations, for the ML. These ARPES maps include remnants
of the Ag sp-band (green arrows, corresponding to those in
Fig. 3a); see ESI Fig. S2† for EDCs of bare Ag(100). In addition to
these substrate sp-band features, we observe a diffuse back-
ground, as well as broad features at EB z 0 and 1.2 eV
throughout the kk-range. The latter (in particular for kkkk ˛
[�1.3, �1.9] Å�1; white boxes in Fig. 4a and b) are related to the
CBE maps in Fig. 3, and are attributed to the MgPc populated
LUMOs and HOMO, respectively.

We t I(EB, kk) for EB ˛ [�0.6, �2] eV related to the HOMO,
for kk ˛ [�1.3, �1.9] Å�1 (Fig. 4c and d; see ESI Fig. S4† for data
related to LUMO) with a single Gaussian peak and a Shirley
background.48 Here, we focus on a specic kk range, since the
data for smaller kk are dominated by the remnant Ag(100)
features (which include Umklapp scattering of the sp-band by
the MgPc layer).13,60,61 The t Gaussian full-width-at-half-
maximum is �401 � 6 meV (resulting from the combination
of instrument energy resolution, molecule–substrate hybrid-
ization and thermally excited vibrational modes), consistent
with comparable studies of noble-metal-supported molecular
layers,11,62,63 and in contrast to narrower MO peaks observed on,
e.g., graphite.64

At rst sight, the EB position of the HOMO Gaussian peak
(red dots) does not seem to vary signicantly with kk, with an
average EB ¼ 1.27 eV. However, a more careful look suggests
a subtle EB position variation of this HOMO peak with kk (Fig. 4e
and f).

To address whether this HOMO EB position variation is
physical, we considered a single site (single band) nearest-
neighbour tight-binding model (TB) for the MgPc ML square
lattice (Fig. 1), where we assumed that intermolecular hybrid-
ization leads to dispersion of the HOMO eigenenergy:

E(kx, ky) ¼ E0 + 2t[cos(kx$b) + cos(ky$b)]. (2)

Here, E0 is the band center (i.e., isolated MgPc HOMO eigene-
nergy), b¼ kb1k ¼ kb2k is the MgPc ML lattice constant, and t¼
hJHOMO

(j�1)jHintjJHOMO
(j)i is the intermolecular hopping

integral between nearest-neighbor HOMOs JHOMO
(j) and

JHOMO
(j�1). We t65 the experimental HOMO EB positions for kk
Nanoscale Adv., 2022, 4, 3845–3854 | 3849
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Fig. 4 ARPES energy distribution curves (EDCs) of MgPc ML on Ag(100). (a) and (b) ARPES signal intensity, I(EB, kk), for kk along Ag(100) �G– �M (a)
and �G–�X (b) orientations. White boxes: kk and EB ranges related to LUMOs (upper) and HOMO (lower). White arrows indicate average EB-positions
of LUMO and HOMO features. Green arrows: Ag sp-band features (related to green arrows in Fig. 3a). Black dashed line: tight-binding HOMO-
related energy dispersion for full kk-range [using same fitted parameters as in (e) and (f)]. Data symmetrized with respect to kk ¼ 0 due to non-
normal incidence of UV beam, i.e., I(EB, kk) ¼ I(EB, �kk) (see Methods). (c) and (d) ARPES intensity, I(EB, kk), as a function of EB for different kk
[related to HOMO; lower boxes in (a) and (b)] along Ag(100) �G– �M (c) and �G–�X (d) orientations. Curves offset for clarity. Blue crosses: experimental
data (Shirley background subtracted); 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 kk values indicated by grey vertical dashed lines in (e) and (f). (e) and
(f) Energy positions of HOMO-related fit Gaussian peak as a function of kk along Ag(100) �G– �M (e) and �G–�X (f) orientations (red dots). Grey shaded
regions: standard error of Gaussian peak fit energy position plus kBT (T ¼ 293 K, accounting for room temperature thermal broadening). Dashed
black curve: fit resulting from single-band tight-binding model. Note that the room temperature thermal broadening does not affect the energy
position of the HOMO-related peaks in (c) and (d), and hence has no influence on the single-band tight-bindingmodel fitting. See ESI Fig. S4† for
data related to LUMOs.
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along the Ag(100) �G– �M (Fig. 4e) and �G–�X (Fig. 4f) directions with
E(kx, ky) in Eqn (2). We considered variables kx and ky in the
reference frame of the MgPc ML lattice [which is rotated with
respect to the Ag(100) high-symmetry directions; Fig. 1], with
tting parameters t, b, and angle a between MgPc ML and
Ag(100) unit cell vectors. We constrained t to be identical, and
a to have a maximum variation of �5�, for E(kx, ky) along both
the Ag(100) �G– �M and �G–�X directions; we did not constrain b for
E(kx, ky) along these two directions (Fig. 4e and f). For �G– �M (�G–�X ,
respectively), we obtained a best t for t ¼ �2.5 � 0.2 meV, b ¼
15.46 (14.48) � 0.05 Å and a ¼ 39� (43�) � 2�. These structural
values are in very good agreement with the LEED and scanning
probe microscopy (SPM) analysis in Fig. 1, which yielded b ¼
15.3 Å and a¼ 37�. The t value t¼�2.5� 0.2 meV corresponds
to a bandwidth BW ¼ 8jtj ¼ 20 � 1.6 meV.

In particular, the fact that this t yields, for both Ag(100)
directions �G– �M and �G–�X , values of b and a that are very close to
those measured experimentally, validates the simple nearest-
neighbor TB picture, and compellingly demonstrates that the
small dispersion of EB observed in Fig. 4 as a function of kk is
physical and results from inter-HOMO hybridisation.
3850 | Nanoscale Adv., 2022, 4, 3845–3854
If we consider the DFT-calculated gas-phase HOMO (inset
Fig. 3b), the MgPc ML structural properties determined by SPM/
LEED measurements (Fig. 1), and an effective Coulomb inter-

action26 Hamiltonian Hint ¼ � be2

4p30

1��r� rMg
ðj�1Þ�� between two

nearest-neighbor MgPc's in the ML (where b z 5.9 is a unitless
constant that determines the strength of the interaction and
rMg

(j�1) is the position vector of the nearest-neighbor MgPc), the
calculated value for t is �10�5 eV. The calculated value of t (for
the DFT-calculated gas-phase HOMO) becomes substantial, on
the order of a few meV's (i.e., consistent with experiment), when
theML lattice constant is reduced by�2 Å (i.e., by�10%). Based
on a previous study,26 this can be explained by electronic
hybridization between MgPc and underlying metal, which can
lead to the spatial extension ofJHOMO(r): this spatially extended
JHOMO(r) increases inter-HOMO overlap, resulting in an
observed t z 2.5 meV which is two orders of magnitude larger
than that calculated for the DFT-derived gas-phase HOMO
(�10�5 eV).

The CBE maps and corresponding simulations (Fig. 3)
provide a precise way of determining the MgPc adsorption
© 2022 The Author(s). Published by the Royal Society of Chemistry
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orientation relative to the underlying Ag(100) substrate (signif-
icantly more precisely than by SPM), and corroborate the attri-
bution of STS features in Fig. 2a the HOMO and LUMOs.26 These
simulations, based on gas-phase DFT-calculated MOs, show
that the HOMO and LUMO morphologies remain (at least
qualitatively) relatively unaltered by the adsorption, and similar
between ML and 2L. The latter suggests weaker intermolecular
interactions36,37 compared to instances involving stronger
(direct) molecule–molecule (e.g., via p-stacking27,28) or (indirect)
molecule–substrate–molecule hybridization.31,33,34,66 These
latter cases31–34,53,63,66–69 involve frontier MOs and bandwidths
BW z 100 meV and above. Conversely, our results here on the
MgPc ML show that subtle in-plane intermolecular hybridiza-
tion occurs between fully occupied HOMOs, which interact non-
covalently and lie well below the Fermi level and the frontier
populated LUMOs. The observation of the resulting, narrow-
BW, k-dependent energy dispersion is enabled by the non-
degeneracy of the HOMO (well isolated in energy from other
MOs), and by the k-resolution capability of ARPES, even with
experimental energy resolutions and kBT similar to or larger
than BW. In contrast, we claim that the detection of such
narrow band by STS (Fig. 2b) is hindered by the k-integration
and HOMO energy broadening due to hybridization between
molecule and metal surface.

We acquired ARPES data similar to Fig. 4 for the MgPc 2L
(ESI Fig. S3†). Fitting of the 2L EDCs with Eqn (2) yielded, for
�G– �M (�G–�X , respectively), t ¼ �5.2 � 0.2 meV (corresponding to
bandwidth 40 meV), b ¼ 15.18 (16.0) � 0.05 Å and a ¼ 33� (28�)
� 2�, again consistent with the experimental structural data
(Fig. 1). That is, the bandwidth of the HOMO-related energy
dispersion for the 2L seems to be twice that for the ML, which
could be explained by some degree of interlayer p-stacking.

An interpretation of the LUMO-related near-Fermi features
in the ARPES EDCs (Fig. 4a and b) based on the simple TB
model is hampered by the LUMO two-fold degeneracy,26 which
would arguably give rise to two narrow bands within an energy
window signicantly smaller than the energy resolution of our
ARPES measurements (Methods). See ESI† for more details.
Resolving such LUMO-related energy dispersions would require
a signicantly better energy resolution (e.g., low-temperature
ARPES).

3 Conclusions

We have directly observed and quantitatively characterised the
formation of a narrow electronic energy band in a 2D molecular
self-assembly on a metal, MgPc on Ag(100), with a bandwidth of
�20 meV for the ML and�40 meV for the 2L. This subtle energy
dispersion is the result of weak in-plane intermolecular
hybridization between lled MOs, lying >1 eV below the Fermi
level, which interact non-covalently. These weak intermolecular
interactions don't signicantly perturb the morphology of these
MOs (Fig. 3), while still giving rise to a well-dened (albeit
narrow) energy dispersion. Remarkably, our room temperature
ARPES measurements (supported by structural LEED and low-
temperature SPM characterisation) are able to resolve (in k-
space) such narrow energy dispersion, despite a bandwidth that
© 2022 The Author(s). Published by the Royal Society of Chemistry
is signicantly smaller than the effective ARPES energy resolu-
tion; this is enabled by the wavevector sensitivity of ARPES. Our
work conrms the involvement of the underlying metal surface
in the intermolecular interactions and electronic hybridization,
enhancing the latter in this case via molecule-surface hybrid-
ization.26 Our results highlight an intermediate regime in
intermolecular and molecule-surface hybridization, bonding
and band structure formation, with characteristic energy scales
of �10 meV, between the extremes of, on the one hand,
conventional covalent or strong non-covalent (e.g. hydrogen-70)
bonding (�0.1–1 eV), and, on the other hand, isolated non-
interacting molecules. Our study offers pathways for band
structure engineering in organic nanomaterials, with tuning of
intermolecular hybridisation via tailoring of molecular func-
tional groups, size and symmetries, and via choice of support-
ing substrates.
4 Experimental & theoretical
methods
4.1 Sample preparation

For all measurements, MgPc molecules (Sigma Aldrich) were
deposited in ultrahigh vacuum (UHV) from the gas phase
(sublimation temperature: 340 �C) onto a clean Ag(100) surface
(Mateck GmbH) maintained at room temperature. The Ag(100)
was prepared by repeated cycles of Ar+ sputtering and annealing
(450 �C). Base pressure was below �3 � 10�9 mbar during
molecular depositions.
4.2 Scanning probe microscopy (SPM)

Scanning tunneling microscopy (STM) and dI/dV spectroscopy
(STS), and non-contact atomic force microscopy (ncAFM) were
performed using a Createc LT-STM system, at base temperature
4.6 K in UHV (�1� 10�10 mbar) with an Ag-terminated Pt/Ir tip.
Topographic STM images were acquired in constant-current
mode. dI/dV STS spectra were obtained by averaging multiple
I(V) curves and subsequent numerical derivation; spectra were
normalised by (I/V) to minimise tunneling transmission effects
and emphasise spectroscopic features far away from the Fermi
level.71,72 The ncAFM measurements were performed73 with the
Pt/Ir tip functionalized with a carbon monoxide (CO) molecule
at its apex. Such tip functionalisation was achieved by dosing
CO gas into the UHV chamber (�5 � 10�8 mbar for �10 s) with
the Ag(100) temperature <10 K, placing the tip above a CO
molecule on bare Ag(100) surface with a bias voltage of 3 mV,
and approaching the tip toward the surface (feedback off) until
the tunneling current reaches �5 nA and then decreases
suddenly due to a CO molecule being picked-up. Aer CO
functionalization, ncAFM frequency-shi mapping was done
with a qPlus tuning fork in frequencymodulationmode (f0z 29
kHz, Q z 17 000, K z 1.8 kN m�1, 50 pm oscillation ampli-
tude). Atomic registration of MgPc (Fig. 1f) was achieved by
changing the tip-sample distance during the ncAFM scan to
resolve both surface atoms and molecule features. No post-
processing ltering was applied to the ncAFM image in
Fig. 1f. All reported bias voltages were applied to the sample.
Nanoscale Adv., 2022, 4, 3845–3854 | 3851
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4.3 Photoelectron spectroscopy

Photoelectron spectroscopy experiments were performed with
a helium lamp photon source (Scienta Omicron VUV5K, Ephoton
¼ 21.22 eV, unpolarized) and a toroidal electron-energy
analyzer74 at the So X-ray Beamline of the Australian
Synchrotron, at room temperature, on sub-ML, ML and 2L
MgPc/Ag(100) samples prepared in UHV following the same
protocols as for the STM, STS and ncAFM experiments (see
above). Structural properties of these samples were checked via
low-energy electron diffraction (LEED; Fig. 1e), showing very
homogeneous molecular coverages for both ML and 2L
samples.

The intrinsic energy resolution of the detector was �150
meV, resulting from thermal broadening and intrinsic contri-
butions from analyser and photon source. This was established
through prior measurement of the Fermi edge width of a clean
sputtered gold foil at room temperature. The photon incident
angle relative to sample surface normal is �45�. The surface
normal is always contained in the measurement slit plane; for
a given azimuthal orientation of the sample f (with respect to
the measurement plane of the analyser), the analyzer simulta-
neously records emitted photoelectrons over the entire range of
polar angles i.e. q ˛ [�90�, +90�] (see Fig. 1 of Ules et al.34). The
UV beam spot on the sample is elongated due to the incidence
angle, with a size on the order of �1 mm in length. Because of
this relatively large and elongated beam spot, and themolecular
coverage homogeneity revealed by LEED, we have not proceeded
with systematic PES measurements at different sample
locations.

The reported kk ¼ kkkk ¼ kkxx̂ + kyŷk values (kx ¼ kk cos f; ky
¼ kk sin f) were calculated using instrument specic packages
provided by the beamline. The kinetic energy of the photo-
electrons is related to their vacuum wavevector k by:

Ekinetic ¼ ħ2kkk2
2me

(3)

The electron binding energies (with respect to the Fermi
energy) EB are related to the measured kinetic energy by the
usual relation:

Ekinetic ¼ hn � EB � 4s (4)

here, h is the Planck constant, hn ¼ 21.22 eV is the incident
photon energy, and 4s ¼ 4.25 eV is the work function of the
detector. The wavevector component parallel to the surface is
conserved at the solid–vacuum interface:

kk ¼ 0:511
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ekinetic

p
sin q (5)

(Ekinetic in eV; kk in Å�1, k resolution 0.03 Å�1).
The presented ARPES energy distribution curves (e.g., Fig. 4a

and b) are symmetrized with respect to kk ¼ 0. That is, the data
showed for positive values of kk are the same as those showed
for negative values of kk, symmetric with respect to kk ¼ 0. This
symmetrization compensates for the asymmetric photoemis-
sion intensity given by the non-normal incidence of the UV
3852 | Nanoscale Adv., 2022, 4, 3845–3854
beam, and allows for a better signal-to-noise ratio of our data
and for amore reliable t of these data based on the single-band
tight-binding model.

The kk-integrated photoelectron spectra in Fig. 2b have
arbitrary units, with each spectrum rescaled by an arbitrary
factor such as to make them directly visible and comparable
with each other.

4.4 Density functional theory

Density functional theory (DFT) calculations were performed for
gas-phase MgPc using the SIESTA75 simulation tool with peri-
odic boundary conditions, Troullier–Martins norm-conserving
pseudopotentials, and the RPBE exchange-correlation76 func-
tional with van der Waals corrections (Grimme's method).77

Kohn–Sham orbitals were represented by a DZP basis set with
an energy shi of 0.01 Ry. The total electron charge density was
represented on a real space grid corresponding to amesh cut-off
of 300 Ry.

4.5 CBE simulations

Analysis of experimental CBE maps (Fig. 3) was done following
Puschnig et al.36 These experimental maps were compared with
simulations performed with soware by Brandstetter et al.59

(Fig. 3), using DFT-calculated gas-phase MgPc orbitals (see
above) as inputs, using the ‘toroid’ polarization factor setting,
unpolarized light, and the kinetic energies of the respective
scans (HOMO: 15.5 eV; LUMO: 16.65 eV; k resolution: 0.03 Å�1).
The simulated CBEmap for the ML two-fold degenerate LUMOs
(Fig. 3a) was obtained by adding the k-maps generated for each
LUMO.
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15 Y. Wang, J. Kröger, R. Berndt and W. Hofer, Angew. Chem.,
Int. Ed., 2009, 48, 1261–1265.

16 T. G. Gopakumar, T. Brumme, J. Kröger, C. Toher,
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40 T. G. Boné, A. Windischbacher, M. S. Sättele, K. Greulich,
L. Egger, T. Jauk, F. Lackner, H. F. Bettinger, H. Peisert,
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66 M. Wießner, J. Kübert, V. Feyer, P. Puschnig, A. Schöll and
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