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Surface with well-defined components and structures possesses unique electronic, magnetic, optical and
chemical properties. As a result, surface chemistry research plays a crucial role in various fields such as
catalysis, energy, materials, quantum, and microelectronics. Surface science mainly investigates the cor-
respondence between surface property and functionality. Scanning probe microscopy (SPM) techniques
are important tools to characterize surface properties because of the capability of atomic-scale imaging,
spectroscopy and manipulation at the single-atom level. In this review, we summarize recent advances
in surface electronic, magnetic and optical properties characterized mainly by SPM-based methods. We
focus on elucidating the w-magnetism in graphene-based nanostructures, construction of spin qubits on
surfaces, topology properties of surface organic structures, STM-based light emission, tip-enhanced Ra-
man spectroscopy and integration of machine learning in SPM studies.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

For bulk crystalline materials, atoms or molecules are ar-
ranged in a three-dimensional periodic arrangement, exhibiting
similar properties. When they are at the surface, the periodic-
ity in the vertical direction is broken, leading to remarkable elec-
tronic, magnetic, optical and chemical properties due to changes
in the chemical environment. These lead to extensive applications
in the fields of chemistry, energy, materials, and microelectronics
[1-24]. For the well-defined components and structures, surfaces
provide an ideal platform for theoretical investigation, such as
first-principles calculations, machine learning-based potential en-
ergy surface construction [25-35]. Scanning tunneling microscopy
(STM) and atomic-force microscopy (AFM) as well as other scan-
ning probe microscopies (SPM) are powerful tools to characterize
surface properties because of the capability of atomic-scale imag-
ing, spectroscopy and manipulation at the single-atom level [36-
44]. In this review, we summarize recent advances in surface elec-
tronic, magnetic and optical properties characterized mainly by
SPM-based methods.

First, magnetic properties of graphene-based nanostructures are
summed up. The structures are prepared in the ultra-high vacuum
environment through on-surface synthesis. The origin and interac-
tion of m-magnetism in graphene-based nanostructures are char-
acterized by scanning tunneling spectroscopy (STS). In the second
part, the construction of spin qubits on surfaces by a combination
of electron spin resonance (ESR) and STM are outlined. The basic
principle of single-atom ESR and its application in quantum infor-
mation are described. In the third part, the theoretical and experi-
mental progresses about the topology properties of surface organic
structures are introduced. The electronic structures are detected
by Angle-resolved Photoemission Spectroscopy (ARPES). In the
fourth part, we survey the advances of surface optical properties
mainly investigated by STM-based light emission and tip-enhanced
Raman spectroscopy (TERS). Finally, we discuss the integration
of machine learning in the field of STM-based studies, offering
a futuristic outlook on the advancement of surface chemistry
research.

2. Magnetic properties of graphene-based nanostructures

Magnetism is fundamental to both current and future spin and
quantum technologies [45-47]. The traditional magnetic materi-
als are composed of bulk metals and their oxides, where the un-
paired electrons associated with the origin of magnetism are typ-
ically from d or f orbitals [48-51]. Recently, m-magnetism from
carbon-based materials has attracted increasing interests [52-54].
Different from metal-based magnetism, carbon magnetism from p
orbitals has a number of unique properties like large spin delocal-
ization, weak spin-orbit coupling, long spin relaxation times, and
weak decoherence, offering an ideal platform for practical appli-
cations in the future, such as quantum information technologies,
new optoelectronic devices, and energy applications [55,56]. In ad-
dition, because of their highly tunable chemical structures, as rep-
resented by graphene-based nanomaterials, i.e., a subtle modifica-
tion on the structure could give rise to a significant change of the
property, the properties of w-magnetic materials are facile to be
tailored. However, due to the extremely high reactivity, the synthe-
sis of graphene-based nanomaterials with 7-magnetism has been
challenging.

The recent developed on-surface synthesis has offered an un-
precedented opportunity to fabricate magnetic graphene-based
carbon materials [53,57-59]. In contrast to the conventional
solution-phase chemistry, the inert ultra-high vacuum (UHV) con-
dition as well as the support of a solid surface in on-surface syn-
thesis could efficiently stabilize the reactive magnetic products.
By the rational design of precursor molecules, various 7 -magnetic
carbon materials including magnetic nanographenes, their coupled
oligomers and spin chains have been synthesized in atomic pre-
cision on solid surfaces and characterized in single-molecule level
with the aid of high resolution STM, non-contact AFM (nc-AFM),
and STS [52,53]. The fine-tuning of w-magnetism of these struc-
tures and a systematic understanding of structure-property rela-
tionship has been achieved. Here we introduce the mechanism
of m-magnetism and review the recent progress toward the syn-
thesis, characterization, and interpretation of their properties of
graphene-based magnetic nanomaterials.
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Fig. 1. (a) sp? orbital hybridization of carbon atoms in graphene-based nanomate-
rials. (b) Orbital wavefunctions of carbon atoms. (c) Orbitals of carbon atoms after
sp? orbital hybridization.

2.1. Orbital hybridization of carbon atoms in graphene-based
materials

The orbitals of the outer electrons of a carbon atom are com-
posed of one 2s orbital and three 2p orbitals (2px, 2py, 2p;), where
2s is doubly occupied and one electron is filled in each of 2px and
2py while 2p, keeps empty (Figs. 1a and b). In graphene-based ma-
terials, these atomic orbitals hybridize into three sp? orbitals and
one p, orbital by going through an excitation process and each
orbital becomes singly occupied (Figs. 1a and c). The three sp?
orbitals then couple with other orbitals via ¢ bonds with a so-
called “head-to-head” configuration while the p, orbital forms a
7w bond with other p, orbitals with a shoulder-to-shoulder” con-
figuration in graphene-based structures. However, in some partic-
ular cases, driven by sublattice imbalance, topological frustration,
etc., the electrons in some p; orbitals could not be paired, lead-
ing to the generation of singly occupied orbitals thus introducing
w-magnetism into graphene-based materials.

2.2. Characterization of m-magnetism by STS

Similar as the conventional wet chemistry, products in on-
surface synthesis are typically not homogenous, thus averaging
measurement techniques for the characterization of w-magnetism
of carbon nanomaterials are usually lack of precision. Therefore,
SPM/STS techniques become the most popular and efficient meth-
ods for the accurate characterization of m-magnetism in single-
molecule level [53]. The simultaneous measurements of different
structurally similar magnetic products/byproducts on a sample in
turn offer a platform for fundamental understanding of structure-
property relationship of magnetic carbon nanostructures [60,61].
To data, the most widely used magnetic fingerprints in magnetic
graphene-based nanomaterials are the detection of singly occu-
pied/unoccupied molecular orbitals (SOMO/SUMO), spin excitation
exchange, and Kondo resonance.

2.2.1. Singly occupied/unoccupied molecular orbitals

As mentioned above, the magnetism of graphene-based nano-
materials is contributed by unpaired p, electrons and each un-
paired electron occupies a molecular orbital, i.e., SOMO. An exam-
ple is shown in Fig. 2. The molecule named as Clar goblet is a well-
known magnetic nanographene (the origin of magnetism will be
discussed in the later section), holding two unpaired p, spin elec-
trons with different spin signs (Fig. 2a) [62]. Without the consider-
ation of electron-electron interactions, each unpaired p; spin elec-
tron would form a zero-energy state at Fermi level. However, due
to electron-electron interactions, for each unpaired p, spin elec-
tron, SOMO and SUMO are generated and gapped through on-site
Coulomb repulsion U, as shown in Fig. 2a. Because only one elec-
tron is allowed to occupy in SOMO, when injecting a second elec-
tron into the SOMO, the second electron would suffer the Coulomb
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repulsion U from the first electron so that it will stay in SUMO at
an energy U above SOMO.

Since SOMO and SUMO are originally from a same singly occu-
pied molecular orbital, thus similar spatial distributions of the two
orbitals were resolved in associated dI/dV maps, which are also in
perfect match with the calculated density of states (DOS) distribu-
tions, as shown in Fig. 2b. The Coulomb gap between SOMOs and
SUMOs in Clar goblet is thus determined as 1.3 eV. Note that sev-
eral parameters could impact on the magnitude of Coulomb repul-
sion as represented by screening potential of the substrate and de-
localization of electron states. Firstly, magnetic states in a molecule
adsorbing on metal surfaces exhibit a smaller Coulomb gap than
the same molecule adsorbing on a dielectric layer [63]. Secondly,
a larger spatial electron delocalization of the SOMO will lower the
Coulomb repulsion when a second electron is filled, resulting in a
smaller Coulomb gap [64].

2.2.2. Spin-flip excitation

For a spin system holding more than one spin electron, spin
exchange couplings from the ground state to excited states are in-
volved. When the energy of the tunneling electron of STM is higher
than the exchange energy between the ground state and corre-
sponding excited state of the structure, the system can be excited
to excited states. The inelastic spin-flip excitation process brings in
additional inelastic tunneling channels from the tip to the sample,
apart from the conventional elastic channel. This leads to the ap-
pearance of steps symmetrically around the Fermi level in dI/dV
spectrum and peaks antisymmetrically around the Fermi level in
d21/dV2 spectrum, where the energy positions of steps/peaks cor-
respond to the excitation energies. An example is given in Fig. 2c.
Again for the Clar goblet molecule, an exchange energy of 23 meV
is resolved in both dI/dV and d%I/dV? spectra, corresponding to
the spin-flip excitation from the singlet ground state to the excite
triplet state [62]. The dI/dV spin excitation maps obtained at + 23
mV matched perfectly with the DOS distribution of SOMO, indicat-
ing the origin of spin excitation is the singly occupied orbitals.

The energy of spin exchange interaction J in a two-spin system
is given by the following Eq. 1, where ¢ and ¢, indicate the spa-
tial wavefunctions of the magnetic states, rq, is the distance be-
tween the magnetic states and other parameters are a constant.
Therefore, J is determined by the wavefunctions of the two mag-
netic states themselves as well as the overlap between them. This
implies the spin exchange energy can be fine-tuned by modify-
ing the associated magnetic states or their wavefunction overlaps,
which will be discussed in later sections.

2

=1 97(r) @5 (r2) 7———b1(r1) P2 (r2)dr1dr, (1)

47'[801']2

2.2.3. Kondo resonance

Apart from the spin exchange interaction between radical states
in a magnetic carbon-based molecule and extended nanostruc-
tures, the exchange could also happen between the molecular
magnetic states and the conduction electrons on a metallic sub-
strate, which is called Kondo resonance [65,66]. The classical
Kondo resonance refers to the spin interaction between a local
S=1/2 spin and conduction electrons of the metal surface. Quan-
tum mechanically the magnetic state could either populate an
empty state of the metallic substrate, or accept a second electron
from the metal, in a limited time in the range of femtoseconds. Af-
ter relaxing, the SOMO could have a magnetic state occupied by a
single electron with a reversed spin. Such spin fluctuation of the
molecular spin together with all these events of spin exchange in-
teractions give rise to the appearance of a Kondo resonance sym-
metrically around the Fermi energy.
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Fig. 2. (a) The chemical structure of the magnetic molecule named as Clar goblet, together with its orbital energy alignment and spin distribution. (b) Experimentally
obtained and theoretically simulated frontier molecular orbitals of Clar goblet. (c) Low-energy STS showing spin excitation between singlet ground state and triplet excited
states, along with the dI/dV maps measured at the exchange energy extracted from the spectra. (d) The chemical structure of the paramagnetic Clar goblet dimer obtained
by the fusion of two monomers. (e) Temperature evolution and magnetic field evolution of Kondo resonances obtained on a Clar goblet dimer. (f) Left: extracted half-width
at half-maximum (HWHM) of the Kondo resonance as a function of temperature, fitted by the Fermi-liquid model. A Kondo temperature Tx =37 + 4 K is obtained from
the fit; Right: extracted Zeeman splitting of the Kondo resonance as a function of magnetic field, fitted by a corresponding linear function. A Landé factor g=2.3+£0.2 is
obtained from the fitting. Reproduced with permission [62]. Copyright 2019, Springer Nature.

The spectra of Kondo resonances can be fitted by a Frota func-
tion then the half-width at half-maximum (HWHM) can be ex-
tracted [67]. As one of the characteristic features, Kondo peaks
show anomalous broadening with increasing temperature, and the
trend can be described by the Fermi-liquid model, thus HWHMs
extracted from Kondo peaks obtained at different temperatures
eventually provide the Kondo temperature of the single spin impu-
rity. The detailed related equations can be found [62]. Another typ-
ical fingerprint of Kondo peak is its response to a magnetic field.
A Zeeman splitting of the Kondo resonance becomes observable at
sufficiently strong magnetic fields [62,68].

In the example shown in Figs. 2d and e, Clar goblet dimer gen-
erated from the fusion of two monomers is paramagnetic, since the
exchange coupling strength between the radical is near zero due to
the large spatial distance [62]. Kondo resonance around the Fermi
level was thereof resolved, as evidenced by the width broaden-
ing with temperature increasing and peak splitting in a sufficiently
strong magnetic field. A Kondo temperature of 37 K and Landé fac-
tor of 2.3 were obtained from corresponding fittings (Fig. 2f). The
paramagnetic character of Clar goblet dimer was also corroborated
by the disappearance of the symmetric steps from exchange ex-
citation around Fermi level as detected in Clar goblet monomer,
demonstrating that no effective exchange between the two radical
states locating at two sides of the dimer is involved.

Apart from the classical screened Kondo effect for the system
including only an S=1/2 spin impurity, an underscreened Kondo
resonance with a total local spin S > 1 was also reported to
be possible although the underlying mechanism is more complex
[68-70]. According to various previous studies, in graphene-based
magnetic nanostructures, underscreened Kondo resonances typi-
cally exhibit lower intensity and the peak splitting appears at a
weaker magnetic field than those of a S=1/2 counterparts. These
fingerprints in STS of high-spin systems allow for differentiating
them from S=1/2 magnetic systems. This is particularly important
when spin-flip excitations (e.g., from ferromagnetic S=1 to anti-

ferromagnetic S=0) are not visible in STS, either because they are
too weak or the exchange energy is too high which falls into the
range of molecular orbital thus cannot be resolved (inelastic tun-
neling is much weaker than elastic tunneling). An example show-
ing the synthesis and characterization of nanographene 3 is pre-
sented in Fig. 3 [68]. In this example, a 2H-passivated intermedi-
ate was firstly observed on the sample, i.e., 3 is passivated by two
hydrogen atoms. Note that such hydrogen passivation for reactive
species is common in the preparation of magnetic graphene-based
nanostructures via on-surface synthesis. Tip induced dehydrogena-
tion was then performed, hierarchically generating intermediate
product 2 with one H passivation and final fully sp? hybridized
product 3. According to the associated chemical structures and cal-
culated spin density distributions, 1 is supposed to be closed-shell;
2 holds a spin of 1/2, and 3 is an S=1 system. Using a same
STM tip, the dI/dV spectra obtained on these three molecules re-
veal that 1 has no decent signal; 2 and 3 both exhibit Kondo reso-
nances whereas the intensity of Kondo peak on 2 is much stronger
than that on 3, implying 2 shows a fully screened Kondo effect
(5§=1/2) while 3 presents an underscreened Kondo effect (S=1),
as shown in Fig. 3g. In addition, the S=1 system of 3 shows an
obvious Zeeman splitting of the Kondo resonance with magnetic
field at 2.5 T, while no splitting is observable in the S=1/2 sys-
tem of 2 (Fig. 3h). In fact, according to related studies, the Kondo
resonance of a S=1/2 system splits linearly with magnetic fields
only above a strong magnetic field B > 0.5kgTy/gug, while an un-
derscreened S=1 system could conserve some magnetic moment,
and its zero-bias resonance starts splitting already once B > 0
[71-74].

The fabrication of magnetic graphene-based nanomaterials via
on-surface synthesis approach have been performed mostly on
the Au(111) surface, due to the relatively weak charge transfer at
the interface and weak hybridization between magnetic states and
surface states, thus stabilizing and protecting the reactive radical
states. In contrast, on more reactive and low-work-function sub-
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Fig. 3. (a, ¢, e) BRSTM images of 2H-, H-, passivated and fully sp?-nanographenes, as marked by 1, 2, 3, respectively. (b, d, f) Corresponding chemical structures and spin
distributions of the products shown in (a), (c), and (e), respectively. (g) dI/dV spectra obtained on 1, 2, 3, respectively. (h) Zeeman splitting of the Kondo resonance under a
magnetic field at 2.5 T for S=1/2 system of molecule 2 and S=1 system of molecule 3. Reproduced with permission [68]. Copyright 2020, American Physical Society.

strates, such as Ag(111) and Cu(111), which were also widely used
as the substrates in on-surface synthesis [58,75-80], electrons from
the substrates usually transferred to the magnetic molecules [81-
83], occupying the SOMO orbitals then quenching radicals. Once
the radical states are quenched, the total spin of the molecule be-
comes to be zero, exhibiting no magnetic properties. Therefore, the
majority of examples of magnetic graphene-based nanostructures
shown below have been prepared on Au(111).

2.3. Origin of m-magnetism

m-Magnetism in carbon-based materials appears due to the
generation of singly occupied p, orbitals as already discussed
above. The generation of unpaired p, is attributed to several ori-
gins. They can be classified as following aspects: sublattice im-
balance, topological frustration, Coulomb repulsion induced spin
polarization, non-hexagonal ring integration, heteroatom doping,
charge transfer, and topological end states.

2.3.1. Sublattice imbalance

Graphene-based structures are bipartite system where sp2-
hybridized carbon atoms are aligned in two alternating hexago-
nal sublattices. Carbon atoms in one sublattice can only covalently
couple with carbon atoms of the opposite sublattice, indicating
that p, electrons in carbon atoms belonging to different sublattice
have opposite spin sign. Consequently, if the two sublattices have a
different number of carbon atoms in a graphene-based nanostruc-
ture, the total p, electrons are impossible to completely bind pair-
wise. The electrons which do not couple with other carbon atoms
become to be m-radicals with a spin of S=1/2. The total net spin
in the ground state of a graphene-based bipartite system is de-
scribed by Lieb’s theorem: S=|N5—Ng|/2, where N, and Ny are the
number of carbon atoms belonging to each sublattice [89].

The most well-known and studied case showing 7 -magnetism
due to sublattice imbalance is triangulene systems. Trianguene
molecule is a kind of nanographene with triangular shape holding
three zigzag edges. Such particular topology makes the sublattices

of triangulenes imbalanced. In Fig. 4 it displays a series of triangu-
lenes with different sizes obtained by on-surface synthesis so far.
While the smallest [2]triangulene (2T) has a single spin of S=1/2,
other larger triangulenes are all high-spin systems whose net spins
can be calculated by Lieb’s theorem, as shown in Fig. 4b. The syn-
thetic methods in on-surface synthesis for the production of tri-
angulenes typically include annealing procedure and tip manipu-
lation. A well-designed precursor is used for the former and the
final products are formed via cyclodehydrogenation reaction. For
the latter a bias pulse induced removal of additional hydrogen or
oxygen atoms has turned out to be efficient to generate a globally
sp2-hybridized triangulene product, by using a hydrogen or oxygen
substituted molecule as the precursor to stabilize it in solution-
phase synthesis. In addition, the tip manipulation approach re-
quires no catalytic performance of the substrate which can be con-
ducted on insulating surfaces [63,84], avoiding the screening and
hybridization side effect of a metal substrate during the character-
ization of electron and magnetic properties.

The characterization of the electronic properties of 2T is dis-
played in Fig. 4c [88]. Because 2T has one unpaired p, electron,
its molecular orbital includes one SOMO and one SUMO, which
were clearly resolved in dI/dV spectrum and associated DOS map-
ping. The DOS of SOMO and SUMO exhibit similar feature, indicat-
ing their same origin, ie., splitting from a same zero-energy or-
bital by Coulomb repulsion. In Fig. 4d it shows the comparison
of the Kondo resonances between 2T and 3T. Accordingly, with a
same probe, the signal on 2T has a much stronger intensity than
that on 3T, demonstrating that 2T is an S=1/2 system with a
screened Kondo effect while 3T has a net spin of S=1 with an un-
derscreened Kondo effect. It is worth noting that other than 2T and
3T, Kondo resonance on larger triangulenes have not been observed
experimentally, presumably due to their higher net spins [84-87].
In addition, spin excitation steps from the ground states to excited
states, as widely reported in some other 7 -magnetic systems, have
not been resolved for all triangulenes in experiments. This is be-
cause the exchange energies of triangulenes are typically very large
[90], falling in the range of frontier molecular orbitals. Since the
signal of the inelastic tunneling is much weaker than the elastic
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tunneling, the exchange steps are probably overlaid by the signals
of frontier molecular orbitals. Therefore, the detection of SOMOs
and SUMOs, along with the associated theoretical calculations, has
been treated as the proof of w-magnetism of large triangulenes.
Several trianguelene derivatives holding a high spin have also
been successfully synthesized on surfaces, which have a simi-
lar sublattice imbalance character as trianguelenes thus follow-
ing Lieb’s theorem. Three examples are shown in Fig. 5. Firstly, a
porous [7]triangulene, i.e., [7]triangulene quantum rings ([7]TQR),
were fabricated with the combination of in-solution and on-surface
synthesis (Fig. 5a) [91]. [7]TQR has a same number of unpaired
electrons as [7]triangulene, although six carbon atoms in the cen-
ter are missing, exhibiting similar electronic properties as [7]trian-
gulene. Secondly, two extended [3]trianguelene derivatives 1 and
2 were obtained on Au(111), as shown in Fig. 5b [68]. According
to Lieb’s theorem, the symmetric molecule 2 has a same num-
ber of spin-up and spin-down electrons, which is thus closed-shell
(§=0). In contrast, the asymmetric molecule 1 shows spin imbal-

ance with a net spin S=1. The conclusion is supported by the STS
measurement, where an underscreened Kondo resonance was re-
solved in 1 while no signal appeared in 2. Thirdly, heptauthrene,
which can be thought as the combination of two [2]trianguelenes
linked by a phenyl ring, were synthesized on Au(111) [69]. Because
of the spin imbalance, it exhibits a net spin of S=1. This was cor-
roborated by the magnetic field dependent Kondo peak splitting
experimentally. A relatively weak magnetic field of 3T already ap-
parently splits the undercreened Kondo resonance into two peaks,
indicative of its high spin character. The tip manipulation experi-
ments on the hydrogen passivated intermediate (H-heptauthrene)
and sp2-hybridized heptauthrene further support this conclusion,
in which the Kondo resonance of H-heptauthrene (S=1/2) is much
stronger than heptauthrene (S=1).

2.3.2. Topological frustration
In the cases of some nanographenes with a special topology, in
which the sublattice is balanced but it is still impossible to find a
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way to draw a Kekulé structure [92,93]. Unpaired p, electrons are
necessarily included in corresponding chemical structures. Such ef-
fect as an origin of w-magnetism is called topological frustration.
The smallest magnetic nanographenes originating from topological
frustration was predicted to be composed of eleven hexagons, with
eight different arrangement of hexagons, as displayed in Fig. 6a
[92]. Clar goblet as already discussed above is the only 7 -magnetic
nanographene synthesized to date [62], in which the amount of
atoms belonging to different sublattice are both ninety, thus the
net spin is zero according to Lieb’s theorem (Fig. 6b). This implies
the ground state of Clar goblet is either closed-shell or antiferro-
magnetic (open-shell). Since it is not possible to draw a closed-
shell Kekulé structure, Clar goblet should have an antiferromag-
netic ground state, which was confirmed by experiments. As re-
vealed in Fig. 2, the magnetic fingerprint of spin excitation steps
was observed. Other examples of magnetic graphene-based struc-
tures composed of eleven hexagons with the origin of topological
frustration have not been achieved experimentally. As a prediction,
we expect that, although the amount of atoms belonging to each
sublattice and the ground state should be the same as Clar gob-
let (Fig. 6¢), they are mostly asymmetric thus are expected to have
different magnetic properties as Clar goblet. For instance, they may
hold more localized spin density which in turn probably tunes the
spin exchange energy.

2.3.3. Coulomb repulsion induced spin polarization

In fact, in most magnetic graphene structures, sublattices are
balanced and no topological frustration is involved. In these cases,
two resonance structures, i.e., both closed and open-shell struc-
tures could be drawn (Fig. 7d). The structure exhibits magnetic
character only when the open-shell resonance counterpart is en-
ergetically more favorable. The ground state is determined by
the competition between hybridization energy and electrostatic
Coulomb repulsion between valence electrons, where the former
is responsible for the formation of HOMO and LUMO, leading
to a closed-shell ground state (non-magnetic), while the latter
promotes the formation of SOMOs associated with an open-shell
ground state (magnetic). The open-shell ground state typically pre-
vails in graphene structures holding rich zigzag edges [94,95].
These structures have a relatively low energy gap which can be
even smaller than the Coulomb repulsion between two valence
electrons in a frontier molecular orbital. Consequently, the HOMO
will split into two SOMOs, thus generating net spins. One of the pi-
oneering works is shown in Figs. 7a-c [74]. In this example, three
(3,1) chiral graphene nanoribbons fused together forming junctions
holding rich zigzag edges upon a high temperature annealing. The
energetically symmetric steps in dI/dV spectra in Fig. 7b origi-
nate from the spin-flip excitation from S=0 to S=1, thus revealing
an antiferromagnetic ground state of the junction. The low-energy
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magnetic fingerprint was actually reflected by the bright contrast
in the BRSTM image shown in Fig. 7a which was obtained at a low
bias of 2 mV. As displayed in Fig. 7c, both HOMO and LUMO or-
bitals exhibit very localized electron DOS distribution, leading to a
large Coulomb repulsion U. Once the U exceeds the HOMO-LUMO
gap, the two electrons in HOMO find a lower-energy configuration
by occupying each a different, spatially separated state, i.e., SOMO.
These generated two magnetic states are spin-polarized and ex-
change coupled antiferromagnetically, as illustrated in Fig. 7c.
Another outstanding example is rhombus-shaped
nanographenes with zigzag periphery, where the closed-/open-
shell ground state were precisely tailored by the design of size
[94]. As shown in Fig. 7d, for both [4]rhombene and [5]rhombene,
two resonance structures can be drawn. However, according to
STS in Fig. 7e, the ground state of [4]rhombene turned out to be
closed-shell where the DOS mappings are attributed to its HOMO
and LUMO. In contrast, the symmetric steps and antisymmetric

step in dI/dV and d2I/dV? spectra of [5]rhombene are indicative of
its antiferromagnetic ground state with a large exchange energy
of 102 mV. The smaller [4]rhombene has a larger hybridization
energy and energy gap, thus the Coulomb repulsion between
valence electrons is not sufficient to excite the electrons into
singly occupied orbitals. However, once the electron conjugation
becomes higher, as in [5]rhombene, the energy gap diminishes,
thus the Coulomb repulsion is large enough to overcome the
energy gap and spin polarization occurs.

2.3.3.1. Counting rule. We propose an empirical counting rule to
judge the ground state of a graphene-based nanostructure (closed
shell vs. open-shell) balanced between Coulomb repulsion and or-
bital hybridization, where two resonance forms are involved. A
closed-shell form is associated with a Kekulé structure and the
open-shell form corresponds to a Clar form. For a polyaromatic
hydrocarbon, it is well-known that the energetically favored res-
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onance structure is the structure displaying the largest number of
Clar sextets, which is termed as the Clar formula [96]. The energy
gain for aromatic stabilization per Clar sextet is about 90 kJ/mol
[97,98]. On the other hand, the cleavage of a C-C mw-bond (break-
age of a Kekulé structure) along with the generation of two radi-
cals needs energy about 270 kJ/mol [98,99]. Therefore, the genera-
tion of two radicals associated with the formation of an open-shell
structure may be favored if three or more additional Clar sextets
can be gained by this. Several examples actually confirmed that
this value is the threshold to adopt the graphene-based nanostruc-
ture an open-shell configuration [52,53,100,101].

A few representative examples are shown in Fig. 8. In Fig. 8a,
the open-shell resonance structure holding two radicals has three
more Clar sextets than its closed-shell counterpart, thus exhibit-
ing an open-shell ground state with the exchange energy of 40.5
meV [102]. In contrast, the fused triangulene dimer in Fig. 8b has
only one more Clar sextet in its open-shell resonance structure
than its closed-shell configuration, below the threshold of three
additional Clar sextets, thus exhibiting a closed-shell ground state
where HOMO and LUMO were resolved in dI/dV mapping [68].
However, by extending the molecular backbone, such molecule is
possible to be open-shell. As displayed in Fig. 8c, the integration
of a short 7AGNR section into fused triangulene dimer (fused tri-
angulene dimer-7AGNR) makes the open-shell resonant form of
fused triangulene dimer-7AGNR has three more Clar sextets than
its closed-shell form, thus the ground state turned out to be open-
shell with an Coulomb gap between SOMOs and SUMOs of 110
mV [103]. Therefore, a larger molecular structure generally offers
more possibilities to produce a sufficient number of Clar sextets
to compensate for the generation of radicals, implying a stronger
tendency to be open-shell. This is in line with the basic physi-
cal picture as discussed above. In a larger system, a large 7 elec-
tron conjugation typically reduces the energy gap by lowering hy-
bridization energy of valence electrons, thus the valence electrons
have higher chances to be polarized and singly occupy molecular
orbitals, as driven by the Coulomb repulsion.

2.3.3.2. Long acenes. However, the above proposed threshold that
at least three Clar sextets should be assigned by adding two rad-
icals in a nanographene is only indicative and there are a num-
ber of parameters influencing the prediction of the ground state.
The most outstanding example is acenes. Although only one addi-
tional Clar sextet gain is involved by assigning an open-shell di-
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Fig. 9. (a) Resonance structure of pentacene and tridecacene, respectively. (b) On-
surface synthesis procedure of tridecacene and corresponding STM image. (c) dI/dV
and d?I/dV? spectra obtained on tridecacene on Au(111). Reproduced with permis-
sion [112]. Copyright 2023, CC-BY-NC-ND 4.0.

radical configuration, as shown in Fig. 9a, it is still widely accepted
that long acenes bear open-shell characters starting from hexac-
ene [104-111]. In particular, in a most recent work, the spin-flip
excitation with an exchange energy of 126 meV was successfully
observed experimentally in tridecacene which was prepared by on-
surface synthesis approach (Figs. 9b and c) [112]. In the case of an
acene, the delocalization of diradical along the molecular backbone
significantly decreases the energy of the additional radicals. In ad-
dition, since the Clar sextet can be assigned to every phenyl ring
of an acene, the energy gain of aromatic stabilization of a Clar sex-
tet is less than some other nanographenes, thus more Clar sextets
are necessarily to be involved to lower the energy of the system,
which is associated with the generation of more radicals. In fact, as
predicted by theoretical studies and supported by experiments, a
radical pair in a long acene may be generated per six phenyl rings
[113].

2.3.4. Non-hexagonal ring integration

Above we focused on the origin of magnetism of graphene-
based benzenoid nanostructures which are composed of all six-
membered carbon rings. Classic Lieb’s theorem and the empirical
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counting rule of Clar sextet can thus be used for assessing the
ground states of those structures. However, these rules are in prin-
ciple invalid for the ground state evaluation of a sp2-hybridized
carbon-based nonbenzenoid systems and more parameters should
be considered in these systems. The most common non-hexagonal
carbon rings are five- and four-membered rings. Below we demon-
strate that the character of an odd number of p, electrons in a five-
membered ring as well as the antiaromaticity of a four-membered
could contribute significantly to the sm-magnetism of the corre-
sponding carbon nanostructures.

2.3.4.1. Five-membered carbon ring. Different from a six-membered
ring, a five-membered carbon ring in a graphene-like structure
holds five p, electrons thus they cannot couple in pair, leaving
an unpaired radical electron. This automatically brings in mag-
netism into the carbon-based system. Therefore, the introduction
of five-membered carbon rings into graphene-based nanostruc-
tures seems to be a facile approach for the design of magnetic sys-
tems [116,117]. Truxene-5,10,15-triyl containing four hexagons and
three pentagons as displayed in Fig. 10a was predicted as a poly-
cyclic hydrocarbon holding a high spin of 3/2, which is a promising
unit for the construction of extended ferromagnetic carbon nano-
materials as future spintronics. The realization of the synthesis was
by tip manipulations on a precursor of truxene by removing ad-
ditional hydrogens on surfaces [114,118]. The perfect agreement
between experimentally and theoretically obtained SOMO/SUMO
mapping supports its S=3/2 ground state. The absence of Kondo
resonances is probably because the Kondo temperature of this sys-
tem is much lower than 4 K [118].

Indenofluorenes are a kind of polycyclic hydrocarbons con-
taining two pentagons and three hexagons, as shown in
Fig. 10b [115,119-122]. Such structure has two competing
closed/open-shell resonance structures, because the two radicals
from five-membered rings could either hybridize into a closed-
shell structure or keep singly occupied (open-shell). This is de-
termined by the competition between hybridization energy and
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Coulomb repulsion energy as already described above. According to
theoretical calculations, different isomers have completely different
open-shell character (Fig. 10b). Among them indeno[2,1-b]fluorene
has been predicted to be open-shell and its on-surface synthe-
sis was achieved by introducing two methyl groups in the pre-
cursor molecule [115]. Through Ullmann coupling upon annealing
on Au(111), indeno[2,1-b]fluorene polymers have been fabricated,
which exhibit a small bandgap of 0.4 eV and could easily fuse into
porous graphene nanoribbons due to the high reactivity. However,
because of the extremely weak magnetic anisotropy, no magnetic
signals of indeno[2,1-b]fluorene were resolved in experiment.

2.3.4.2. Four-membered carbon ring. Four-membered carbon ring
has an even number of p; electrons, thus in principle they can cou-
ple in pair. Therefore, it seems the behavior of a four-membered
ring for carbon magnetism should be similar as the case of a
six-membered ring as discussed in detail above. However, a sp?-
hybridized four-membered carbon ring, which is called cyclobuta-
diene, has a strong antiaromatic character thus involving an es-
tablishing effect, as opposed to the stablishing effect of an aro-
matic six-membered ring [123-126]. As a result, the m elec-
trons (associated with the double bonds) prefer localizing out-
side the four-membered ring. In other words, a four-membered
ring in graphene-based nanomaterials favors a radialene structure
other than an annulene structure. This impact originating from the
antiaromaticity of cyclobutadiene would inevitably rearrange the
bond alternation of the graphene-based nanostructure, which in
turn possibly tunes the magnetic properties.

The most well-studied example is the staggered pentacene
dimer connected by a four-membered ring. Although the pen-
tacene monomer is a closed-shell molecule [127], both theoreti-
cal and the further experimental results supported the staggered
pentacene dimer connected by a four-membered ring exhibit obvi-
ous diradical character [61,123,128]. As displayed in Fig. 10c, while
the pentacene dimers connected by a five-membered ring shows
a very low LUNO (lowest unoccupied natural orbital; an index de-
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density calculated by DFT. (g) Temperature dependent Kondo peak broadening of ketone-chGNR with one pristine defect. All the Kondo peaks are perfectly fitted by a Frota
function. Reproduced with permission [64,131]. Copyright 2020, CC-BY 4.0; Copyright 2021, CC-BY-NC-ND 4.0.

scribing open-shell character) value, which is even lower than pen-
tacene monomer itself, the pentacene dimer connected by a four-
membered ring presents a much higher LUNO value than pen-
tacene monomer [61]. In addition, the energy gap of the pen-
tacene dimer connected by a four-membered ring is much lower
than other two dimers, further supporting its open-shell configu-
ration [61]. Further analysis on the molecular orbital revealed that
the frontier molecular orbitals of the pentacene dimer connected
by a four-membered ring have very similar DOS distributions of
frontier orbitals on the four-membered ring as those of cyclobu-
tadiene, thus inheriting the antiaromatic character of cyclobutadi-
ene. However, because the destabilizing effect of antiaromaticity,
the double bonds do not localize inside the four-membered ring,
leading to the bond rearrangement and the formation of two res-
onance structures, as shown in Fig. 10c. The similar bond length
between the “double bond” of cyclobutadiene and nearest C—C
bond on the phenyl ring implies the coexistence of the closed
and open-shell resonance structures. In sharp contrast, the straight
pentacene dimer connected by a four-membered ring does not
show any open-shell character because the four-membered ring in
this structure is composed of four single bonds thus no destabiliz-
ing effect of antiaromaticity is involved [128-130]. More theoreti-
cal works on staggered long acene nanoribbons connected by four-
membered rings demonstrate that the four-membered ring serves
as a spin switch to reverse the spin orientations of the two zigzag
edges of an acene and lift the degeneracy between the two spin
propagation channels, ie., spin-up and spin-down, thus being a
promising platform for spin filtering and transport [123].

2.3.5. Heteroatom doping

Heteroatom doping is another efficient way to introduce
w-magnetism into graphene-based nanostructures, since a het-
eroatom could have a different number of 7 electrons as carbon
[90]. The introduction of heteroatoms thus possibly to make a
closed-shell nanostructure to be magnetic. As an example shown in
Fig. 11a, the introduction of boron atoms into non-magnetic 7AGNR
makes the total 7 electrons in the system imbalanced, bringing
in w-magnetism into the system [131]. Specifically, B atom has
three o electrons and they couple with carbon atoms covalently
via three single bonds thus the two p, electrons in the carbon
atoms nearby are unpaired and cannot couple each other due to
the separation of B atoms. Theoretical calculation predicted that
2B-7AGNR has a triplet S=1 ground state. Because of the strong
interaction between the Au(111) surface and 2B-7AGNR, the net
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spin was quenched by the significant charge transfer. Nevertheless,
the Kondo resonance as a magnetic fingerprint was detected by
tip lifting (Fig. 11b) experiment [131] or the intercalation of sili-
con layers between Au(111) and 2B-7AGNR [132].

Apart from the introduction of heteroatom into precursor
molecule, very recently a novel synthetic method for the fabrica-
tion of heteroatom doped magnetic carbon structures have been
developed on the basis of post-oxidization or reduction reactions
[64,83,133]. The oxidization reaction is by exposing the graphene-
based nanostructure holding zigzag edges to oxygen gas in a UHV
chamber. Because of the high reactivity of zigzag edges, the cen-
tral carbon atoms can be typically oxidized into ketone groups. As
a result, the introduction of a ketone group to the graphene-based
nanostructure efficiently adds one p, electron into the system, thus
bringing in an unpaired 7 electron into the otherwise closed-shell
structure. An example is shown in Fig. 11c (right part) [64], where
a pristine chGNR was oxidized by two ketone groups through oxy-
gen gas exposure, generating two m radicals. On the contrary,
ketone substituted graphene-based structures can be reduced by
atomic hydrogens, which equally introduces 7r-magnetism. In this
case, the reduction of a ketone group efficiently removes one p,
electron from the system, generating one 7 radical. One example
is again shown in Fig. 11c (left part) [64], where a ketone-chGNR
with a pristine defect was obtained by partial reduction of a
ketone-chGNR. The introduction of magnetism in above-mentioned
ketone substituted chGNRs was confirmed by dI/dV maps of SOMO
and SUMO (Figs. 11d-f), and Kondo resonance which broadens
anomalously fast with temperature increasing (Fig. 11g) as well as
spin-flip excitations (will be discussed below).

2.3.6. Charge transfer

Above we discussed the intrinsic -magnetism of graphene-
based nanostructures. The origins of carbon magnetism include
sublattice imbalance, topological frustration, spin polarization,
nonhexagonal carbon ring integration, and heteroatom doping. In
fact, apart from the intrinsic magnetism, it is well-known that
at the interface between an organic structure and the substrate,
charge transfer could occur when the work function of the two
materials cannot match [81,134]. In this case, if a spin electron (or
more) transfers from the carbon structure to the surface and vice
versa, the carbon structure possibly holds unpaired 7 electrons, ex-
hibiting 7 -magnetism.

As pioneer works, metal-free and zinc coordinated porphyrins,
which are closed-shell in their neutral form, were measured
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as magnetic on an Au(111) surface evidenced by the detection
of Kondo resonances [135,136]. This is because the porphyrin
molecules transferred an electron to the substrate, leading to the
generation of an unpaired electron. Apart from the magnetization
of a closed-shell structure, charge transfer at molecule-substrate
interface could also efficiently tune the magnetic state of intrin-
sically magnetic molecules. An representative example is shown in
Figs. 12a and b [83]. Aza-triangulene in its neutral form holds a
ground state of S=1/2, by forming an two fold-symmetric (Cy,)
zwitterionic structure as driven by Jahn-Teller distortion (Fig. 12a)
[90]. It can be synthesized on surfaces by the reduction of ke-
tone substituted aza-triangulene using atomic hydrogen in UHV as
described above, followed by accurate tip manipulations, as dis-
played in Fig. 12a. On a high work function Au(111) surface (~5.3
eV), charge transfer happens from aza-triangulene to the substrate
(Fig. 12b), leading to the formation of a ground state of S=1.
In this case, the nitrogen atom is equal to a carbon atom after
the charge contribution, thus the ground state of the positively
charged aza-triangulene is same as the unsubstituted triangulene.
In contrast, on a low-work function substrate Ag(111) (~4.7 eV),
the charge transfer direction of aza-triangulene reversed. Ag sub-
strate donates an electron to aza-triangulene, leading to the double
occupation of all frontier orbitals below Fermi level. Therefore, the
ground state of the negatively charged aza-triangulene is closed-
shell.

It is worth noting that the charge transfer leading to the
generation of ;r-magnetism is in contrast with the conventional
charge transfer protocol which simply gives rise to the depopu-
lation of frontier molecular orbitals. The w-magnetism of an oth-
erwise closed-shell carbon nanostructure can only appear when
spin-selective charge transfer occurs. In other words, the num-
ber of « and B spin electrons transferring from (to) the surface
should be different, which in turn brings in non-zero net spin
into the system. A recent study toward the magnetism of fused
aza-triangulene dimers on Au(111) reveals the parameters influ-
encing such spin selective charge transfer (Fig. 12c) [137]. Two
kinds of aza-triangulene dimers can be obtained upon lateral fu-
sion of aza-triangulene monomers by annealing the Au(111) sam-

12

ple covered by aza-triangulene monomers at a high temperature.
They are all closed-shell in the neutral form. However, interest-
ingly, the experiment on Au(111) shows that although all dimers
transferred a comparable number of electrons to the Au(111) sur-
face, only the asymmetric dimers showed magnetic fingerprints
(Kondo resonance). The appearance of magnetism in asymmetric
products is due to the disruption of -conjugation patterns, which
results in more localized frontier orbitals and in turn leads to a
large Coulomb repulsion. A large Coulomb repulsion then promotes
the spin-selective charge transfer from the asymmetric dimers to
Au(111). This is in contrast with the HOMO depopulation in the
symmetric dimer where the DOS distribution is delocalized, involv-
ing a smaller Coulomb repulsion. As a result, in the case of the
symmetric dimer, a same number of o and 8 spin electrons trans-
ferred to the Au(111) substrate, thus the net spin of the positively
charged dimer is still zero.

2.3.7. Topological end states

For an extended system, such as graphene nanoribbon
and polymers, apart from the m-magnetism from the unitcell
(nanographene) itself, the r-magnetism can appear as end states
in topological nontrivial structures [141,142]. In the classical tight
binding theory (SSH model) [143], the topology of a 7-conjugated
material is determined by the competition of electron hopping
terms, i.e., tiya in the unitcell and tj,., between the unitcells,
as the simplest case. As an example, in the physical picture of
one-dimensional structure, if t;,., is larger than tj.,, the struc-
ture is topologically trivial. On the contrary, if tj, is larger than
tintar the structure will be topologically nontrivial exhibiting singly
occupied end states at the terminal of the one-dimensional ma-
terial. In addition, if e, iS equal to tj, the material will
be metallic with a zero bandgap. The bandgap is calculated as
E=2||tinter] — |tinerall [141]. Fig. 13a displays the well-known ex-
ample of trans-polyacetylene with a finite length. Two resonance
structures can be drawn for the trans-polyacetylene and one of
them contains two radicals as the topological end states [138].

Recently by on-surface synthesis, several topologically non-
trivial m-conjugated carbon materials have been fabricated and
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characterized in atomic precision [100,139-142]. An outstanding
example is the synthesis of quinoid poly(para-phenylene)s using
pentacene and bisanthene as the central units (Fig. 13a) [139].
In fact, poly(para-phenylene)s are similar as the case of trans-
polyacetylene, where two resonance structures can be drawn as a
closed-shell aromatic form and an open-shell quinoid form (end-
ing with acene or periacene). This works showed how the ratio-
nal design of the backbone of the precursor can tune the topologi-
cal class of the obtained polymers. It demonstrated that both pen-
tacene and bisanthene based finite para-phenylenes were topolog-
ically nontrivial while anthracene based para-phenylene was topo-
logically trivial. This is because pentacene and bisanthene have
higher open-shell character thus promoting the inter-electron cou-
pling and forming a double bond in between. As a result, a quinoid
linked topologically nontrivial structure is favored which shows
two end states. The appearance of end states was confirmed by
the detection of zero-energy states, which actually can be seen
in the BRSTM obtained at a low bias voltage (Figs. 13b and c).
In contrast, anthracene is a closed-shell molecule thus the intra-
electron coupling is much stronger than the inter-electron cou-
pling thus there is only a single bond connecting the two neigh-
boring units. Therefore, the anthracene-based poly(para-phenylene)
is closed-shell and topologically nontrivial.
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Long 5AGNRs are also topologically nontrival [140]. The cor-
responding two resonance structures of 5AGNR are displayed in
Fig. 13d. The calculation revealed that the open-shell form pre-
vails when fpar in Fig. 13e is larger than tperp, which is associ-
ated with the assignment of a double bond between two neigh-
boring unitcell as shown in Fig. 13d. The experiment confirmed
that the ground state of a 5GNR with unitcell more than fourteen
was open-shell and topologically nontrivial, as supported by the
detection of Kondo resonances at the termini in a tip-lift exper-
iment (Fig. 13f) and also the perfect match of orbitals’ DOS be-
tween experiment and theory (Figs. 13g and h). It is worth noting
that the 5AGNRs including unitcell of fourteen or less are closed-
shell because the two end states will hybridize into a doubly occu-
pied orbital when their spatial distance is sufficiently short. Sim-
ilar length dependent topological phase transition was found in
pentance-based polyparaphenylene, in which a Jahn-Teller effect
driven by vibronic coupling is responsible for the phase transition
[144].

For more complex topological systems, more hopping terms
should be taken into consideration. For example, a wide chGNR,
namely 3,1,8-chGNR was confirmed to be topological nontrivial ex-
perimentally as evidenced by the detection of zero-energy end
states at the termini (Fig. 13i) [100]. The disappearance of end
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states on ultrashort 3,1,8-chGNR composing of two units is due
to their hybridization, similar as the case of short 5AGNR above.
Because of the complexation of its structure, the simulation of
3,1,8-chGNR by tight binding mode necessarily include four hop-
ping terms to precisely describe the system, as shown in Fig. 13j.
Using this model, the topological class as well as the bandgap of
chGNRs with different width can be nicely predicted, as displayed
in Fig. 13k.

Above we discussed how m-magnetism of graphene-based
nanostructures generates. For a spin system containing more than
one spin electron, the spin exchange interaction is an important
concept to be studied, which is in turn of great significance for the
design of quantum computing, magnetic storage, and spintronics.
Here we review the representative studies on spin interactions in
magnetic graphene-based nanostructures, including the spin sys-
tems holding two and multiple spins.

2.4. Spin interaction

Above we discussed how m-magnetism of graphene-based
nanostructures generates. For a spin system containing more than
one spin electron, the spin exchange interaction is an important
concept to be studied, which is in turn of great significance for the
design of quantum computing, magnetic storage, and spintronics.
Here we review the representative studies on spin interactions in
magnetic graphene-based nanostructures, including the spin sys-
tems holding two and multiple spins.

2.4.1. Two-spin system

For a two-spin system, the two most important parameters are
the strength of exchange coupling which is determined (also can
be tuned) by the wavefunction overlap of the radical states, as seen
in Eq. 1 above and the sign of the exchange coupling, i.e., ferromag-
netic (S=1; J < 0) or antiferromagnetic (S=0; J > 0) coupled.

2.4.1.1. Strength of exchange coupling. As mentioned above, the
strength of exchange coupling J can be tailored by tuning the over-
lap between the wavefunctions of radical states [62,147]. Several
parameters could influence the wavefunction overlap. A represen-
tative example is displayed in Figs. 14a-d [64]. P- and K-chGNRs
refer to magnetic pristine chGNR with two ketone defects and ke-
tone substituted chGNR with two pristine defects, respectively. S
and O indicate that the pairwise radicals locate at the same or op-
posite side of the nanoribbon. The Arabic number is the number of
unit cell of chGNR separating the two radicals. In addition, A’ mark
is used to distinguish the different configurations from the chiral-
ity. In this example, it is clear that, the larger the distance between
the two radicals, the smaller the J (e.g., PO2 vs. PO1), because the
wavefunction overlap is smaller. Interestingly, the J shows a signif-
icant dependence on the chirality. For example, although the spa-
tial separation of the radical pair of PO1 is larger than PO1’, PO1
has a larger J. This is because the spin density of the radical states
of P-O1 extends mostly toward the central unit between the rad-
ical pairs, whereas they dominantly extend away from each other
in P-O71'. It is important to note that the J is also influenced by
the band structure of a chGNR itself. Pristine chGNR has a much
smaller bandgap than that of ketone-chGNR, thus involving greater
hybridization between frontier molecular orbitals and the radical
states, resulting in a larger wavefunction extension of radical states
along the ribbon. This explains why PO2’ and PS2 still have non-
zero J but KO2' and KS2 become paramagnetic.

Another outstanding example on tuning the strength of ex-
change coupling of m-radical pairs is shown in Figs. 14e-g [146].
The two isomeric magnetic nanographenes with each holding a
radical pair exhibit a dramatically large difference on J, i.e., 20 meV
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for D1 and 160 meV for D2. This is attributed to their distinct sym-
metry of frontier molecular orbitals. The HOMO of D2 is from the
bonding coupling of the two monomers’ states, which promotes
the wavefunction overlap whereas the HOMO of D1 is from the
antibonding configuration thus reducing the wavefunction overlap.

To date, the largest exchange coupling strength of near 200
meV for open-shell nanographenes was reported, which occurs in
proximity to the transition between closed-shell and open-shell
states [95]. A strong hybridization energy promotes the wavefunc-
tion overlap but it is not sufficient to overcome Coulomb repulsion
to make the system into a closed-shell ground states, resulting in
a large exchange coupling strength. The achievement of a large |
allows device operation at practical temperatures.

We note that besides the spin coupling in covalent carbon-
based nanostructure, spin electrons on self-assembled carbon
structures might also interact one another via intermolecular in-
teractions. Since the construction of well-ordered supramolecular
carbon nanostructures with a large size is much easier than that
of covalent structures [148-153], the achievement of the construc-
tion of spin interacting self-assembled systems shows a great po-
tential for the application of future quantum materials. An exam-
ple is displayed in Figs. 14h-n, where two spin electrons inter-
act each other via intermolecular hydrogen bonds [145]. All-trans
retinoic acid (ReA) exhibits magnetic character with one hydro-
gen off, as evidenced by the detection of Kondo resonances (A
in Fig. 141). The radical delocalizes over the molecular backbone.
In a self-assembled dimer structure with a specific configuration
(Fig. 14k), an antiferromagnetic exchange coupling was resolved
(Fig. 141), which further splited in magnetic fields. By fitting the
Zeeman splitting, a Landé g factor of 1.7 was obtained.

2.4.1.2. Sign of exchange coupling. For a benzenoid graphene-based
magnetic structure holding a radical pair, the spin order can be
typically deduced from Lieb’s theorem. If the two radicals occupy
the same sublattice, they hold a same spin sign, thus the ground
state is ferromagnetic and the total spin is S=1. Similarly, the
ground state is antiferromagnetic and the total spin is S=0 if
the two radicals occupy opposite sublattices. For example, again
for the case of chGNRs shown in Figs. 14a-d [64], Lieb’s theo-
rem can be used to assume the spin order of radical pairs to a
first approximation because a ketone group is also sp2-hybridized
which is thus considered as an additional p, electron on its cor-
responding sublattice. Therefore, according to Lieb’s theorem, the
carbon atoms at a same edge of the chGNRs belong to the same
sublattice, whereas the carbon atoms at the opposite edge be-
long to the opposite sublattice. A radical pair with the two radi-
cals locating at the same/opposite side is thereof expected to be
ferromagnetically/antiferromagnetically aligned. All experimentally
characterized radical pairs fit this prediction, except the case of
K-S1 (Figs. 14a-d). Despite the two radical sites belonging to the
same sublattice in K-S1, an antiferromagnetic ground state is un-
doubtably derived from the experiments and also DFT calculations.
The in-depth analysis revealed the different on-site energy of the
oxygen atom as a carbon atom plays a significant role for the re-
verse of spin order in K-S1. In this particular case, the oxygen
cannot be treated as a normal sp? carbon electron thus the con-
ventional assumption from Lieb’s theorem and mean-filed Hub-
bard (MFH) calculation turns out to be incorrect. Therefore, for
a heteroatom doped magnetic carbon-based system, an optimized
MFH tight bonding model by considering the on-site energy of
heteroatoms should be used for the prediction of spin order and
ground state.

Apart from the heteroatom doping, the pentagon integration
could also tune the spin order of a radial pair in graphene-based
magnetic structures. An example is displayed in Fig. 15 [60]. A
dimer consists of two magnetic monomers with each holding one
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radical. For the case of benzenoid D1, the spin order follows Lieb’s
theorem showing a ferromagnetic spin alignment, as evidenced by
the detection of an underscreened Kondo resonance together with
two spin exchange steps in STS. However, a subtle change in its
structure essentially flips the spin order. D2 is formed by connect-
ing a C—C bond in one monomer thus introducing a pentagon into
the structure. As already introduced above, a pentagon carbon ring
shows spin frustration because not all the electrons can be paired.
As a result, it does not follow Lieb’s theorem. In the case of D2,
the introduction of a pentagon even reverses the ground state of
D1 to be antiferromagnetic, where only two spin exchange steps
were resolved in STS.

2.4.2. Multi-spin system

For a m-magnetic system containing multiple spins, the excite
states will be more complicated [70,146,155-157]. Although the
STM technique based on the single electron tunneling could only
measure the excitation with AS=1, the excited states still have a
number of different spin alignments. The excitation processes then
exhibit as multiple spin-flip excitation steps in a dI/dV spectrum. In
addition, theoretical methods based on mean-field approximations,
in which the wave functions are the S, projection instead of the
eigenstates of the total spin operator $2, are insufficient to describe
the many-body physical system. Higher-class calculation approach
as represented by Heisenberg spin model have been used for the
modelling of a magnetic carbon system involving more than two
interacting spin electrons [157].

Three examples of such multi-spin systems are presented in
Fig. 16. In Figs. 16a-d, an asymmetric triradical graphene trimer
was synthesized on the Au(111) surface [146]. Spin exchange steps
at +£ 160 mV (Figs. 16b and c) were resolved at positions 1 and 2
(Fig. 16a) while a Kondo resonance was shown at position 3. Ac-
cording to the Heisenberg model shown in Fig. 16d, the ground
state of the system is S=1/2 and the spin exchange strength be-
tween 1 and 2 is much larger than that between 1 and 3 or 2 and
3. This implies that the antiferromagnetic unpaired electrons 1 and
2 are strongly correlated which is evidenced by the exchange steps
in dI/dV spectrum, while 3 is almost uncoupled from other two
thus exhibiting Kondo resonance. A similar phenomenon showing
such asymmetric spin excitations was also observed in a triradical
nitrogen-doped nanographene trimer very recently [157].

Figs. 16e-h show the characterization of a nanostar consisting
of six triangulene molecules [154]. The ground state was calcu-
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lated as S=0 where all triangulene monomers interact with their
neighbors antiferromagnetically (Fig. 16e). A Heisenberg model was
used to describe the system by considering a triangulene monomer
as an S=1 operator. The results showed there are mainly two
excitation channels from S=0 to S=1 (Fig. 16g), which was re-
solved nicely in dI/dV measurement experimentally (Figs. 16f and
h). Figs. 16i-j present an example of ketone substituted mag-
netic chGNR holding three periodic radicals aligned ferromagnet-
ically [64]. The dI/dV spectrum measured at the central site is
obviously broader than spectra obtained at the other two sites.
This implies that apart from an underscreened Kondo resonance
of an S=3/2 system, the central site involves more excitation
channels/possibilities with higher exchange energies from S=3/2
to S=1/2. Theoretical calculation confirmed the supposition. It
demonstrated that only the high-energy excitation contributed at
the central radical site, whereas the other two sites exhibited pre-
dominantly the low-energy site, thus perfectly matching the exper-
imental observation.

2.4.3. Spin chain

The synthesis and characterization of spin chains have been
also achieved by the on-surface synthesis approach [70,156]. As
shown in Fig. 17, spin chains composed of triangulene monomers
was obtained via Ullmann coupling and cyclodehydrogenation re-
actions [70]. Interestingly, S=1/2 edge states were detected at the
chain termini when a chain is sufficiently long, as evidenced by
the appearance of an underscreened Kondo resonance (Figs. 17b
and c). This is attributed to the valence bond between the trian-
gulene units, which forms an S=0 state to avoid Pauli repulsion
(Fig. 17d). As a result, the two spin electrons at the two terminals
cannot be paired thus each leaving an S=1/2 spin. A similar frac-
tional edge excitation was observed in magnetic metal-free por-
phyrin chains, which only appears in the chain consisting of odd
numbered porphyrin units (Figs. 17e and f) [156]. The achievement
of fractional edge excitations in nanographene spin chains opens a
potential path for the realization of measurement-based quantum
computation.

2.4.4. Metallic graphene nanoribbon

In addition to the construction of spin chains, magnetic
nanographenes can be also used for the design of metallic
graphene nanoribbons, as the unit cells of a metallic GNR. Accord-
ing to SSH model, the periodic integration of local spins into a GNR
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leads to equivalent hopping term t between neighboring unit cells,
thus resulting a zero bandgap [158]. However, it should be noted
that the hopping term should be large enough to avoid spin polar-
ization, keeping a robust/wide metallic band.

In Fig. 18, it displays two metallic GNRs synthesized to date
on the Au(111) surface [158,159]. Firstly, sSGNRs and 5-sGNRs were
obtained via cyclodehydrogenation and Ullmann coupling of pre-
cursor 1 [158]. Upon this, one & radical was generated in every
unit cell. Since the nanographene monomer is asymmetric, the ar-
rangement of these magnetic units lacks of periodicity. Neverthe-
less, a few periodically aligned magnetic units can be observed
on the sample, enabling the detailed characterization by STS. In
this case, sGNRs showed a ferromagnetic ground state due to the
spin polarization, whereas 5-sGNRs turned out to hold a robust
metallic band, as confirmed by the prefect matching between ex-
periments and DFT calculations (Figs. 18d-g). This is because the
hopping term between magnetic states on sGNRs is much smaller
than that on 5-sGNRs, leading to a narrow width of metallic band
thus suffering from the spin polarization. In contrast, the introduc-
tion of five-membered rings into the latter disrupts the sublattice-
relevant distribution of zero modes, in turn increasing the corre-
sponding wavefunction overlap associated with a large hopping
term.

Nevertheless, the sGNR shown above lacks a long order pe-
riodicity. To overcome this shortage, another precursor molecule
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was used for the synthesis of olympicene metallic GNR 5-0GNR
(Figs. 18h and i) [159]. The precursor 2 is structurally symmetric
which thereof imposes periodic magnetic units into the GNRs, with
each unit holding one 7 radical. A high-yield olympicene metallic
GNR sample was thus obtained (Figs. 18j and k) on an Au(111)
surface. The achievement of the synthesis of metallic GNRs opens
a door for device interconnects and create new opportunities
for exploring exotic physical phenomena like one-dimensional
Luttinger liquids, plasmonics, superconductivity and so on
[160,161].

2.5. Decoupling spins from metal substrates

As mentioned above, the on-surface synthesis of graphene-
based nanostructures is typically based on metal surface-assisted
chemical reactions, where the strong screening and Fermi level
pinning effects of the metallic substrates can not only alter the de-
signer bulk electronic band structures but also let the spin states
become either quenched or highly untunable with external gates
[62,162,163]. Therefore, decoupling the spins from the high den-
sity of low-energy electronic states inherent to a metal substrate
is necessary for detailed property characterizations or prototypical
device fabrications.

The weakened screening effect from the metal substrate due to
decoupling significantly increases the on-site Coulomb repulsion U
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of the system (Fig. 19). The Coulomb repulsion U can effectively lift
the degeneracy of the zero-energy states via spin polarization and
open an energy gap that separates SOMO and SUMO. U is given by
Eq. 2, where ¢ indicates the dielectric constant and () indicates the
average Coulomb energy.

vl

T 4me

Thus, U can be increased by introducing a dielectric layer with
a small e. Currently, several methods for decoupling spins from
metal substrates have been reported, such as tip lifting, transfer-
ring nanostructures onto insulating layers by tip-assisted manipu-
lation, growth on semiconducting substrates and direct growth of
second-layer GNRs.

¢ @

T2

2.5.1. Tip lifting

As a direct and effective in situ STM technology to measure
the conductance properties of nanostructures on metal surfaces
[140,162,164], STM tip lifting is naturally used for decoupling
spins from metal substrates to measure the intrinsic magnetism of
graphene-based nanostructures. A few representative examples are
shown in Fig. 20. In the example shown in Figs. 20a-c [131], while
the eventual magnetic ground state was quenched by the signifi-
cant charge transfer between the 2B-7AGNR and Au(111) surface,
the Kondo resonance as a magnetic fingerprint was detected by
picking individual 2B-7AGNRs from one end and lifting them off
to lie freestanding between the tip and sample.

Another outstanding example of measuring the intrinsic mag-
netism of graphene-based nanostructures by tip lifting is shown
in Figs. 20d-f [165]. Substitution of two trigonal planar C-atoms
in each subunit with nitrogen atom pairs along the backbone of
chevron-type GNRs, and a pair of surplus w-electrons will be in-
troduced into each subunit. Because of charge transfer between the
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GNRs and substrate, each subunit along the backbone of N;-cGNRs
donates a single electron to the Au substrate, leaving a chain of
highly localized radical cations behind, forming one-dimensional
(1D) Kondo spin chains (Figs. 20d and e). STM tip lift-off transport
measurements revealed robust exchange coupling between neigh-
boring spin centers after the effective screening of the unpaired
radical cation was locally reduced (Fig. 20f).

2.5.2. Transfer to insulating layers

Transfer the nanostructures to the insulating surface by later
tip-assisted manipulation is another effective in situ STM-based
method to decouple the spins from the metal surface, which
has been widely adopted to produce quasifreestanding features
[41,140,166,167]. In fact, several monolayered NaCl islands are
commonly used as decoupling layers. The manipulation steps are
shown in Fig. 21a as an example of a ribbon on Au(111). First,
pick up the ribbon at one terminus with the STM tip and re-
tract the STM tip; move the tip (together with ribbon) laterally to-
ward the NaCl island; release the ribbon by a bias pulse, leaving
the ribbon partially adsorbed on NaCl and partially on the metal
surface; finally, lateral position the ribbon fully onto NaCl by the
STM tip. By following this method, (7, n) GNRs were first fabri-
cated on Au(111), and then a submonolayer of NaCl was deposited
(Figs. 21b-e [166]). Subsequently, STM manipulation was applied
to transfer a (7, 20) GNR onto a NaCl island (Fig. 21c). Electronic
decoupling of the edge states at the zigzag termini by transfer-
ring (7, n) GNRs onto the NaCl island establishes a large energy
splitting between occupied and unoccupied edge states (Figs. 21d
and e), which is missing completely in (7, n) GNRs on Au(111). In
Figs. 21f-i it shows a similar example of efficient electronic de-
coupling from a metal substrate that transferred a short 7AGNR
exhibiting a single edge extension onto a NaCl monolayer island
[168]. Hubbard-split singly occupied and unoccupied states of the
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zigzag edge extension were observed, which have the same origin
as the zigzag end state of the 7AGNR.

2.5.3. Growth on semiconducting substrates

Growing magnetic graphene-based nanostructures directly on
an insulating or semiconducting substrate is a great ideal method
for achieving decoupling from a metal substrate, which provides a
significant route for intrinsic fundamental physics explorations and
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future device applications. An outstanding example is displayed in
Figs. 22a-c [169]. Atomically precise 7AGNRs were synthesized di-
rectly on TiO,, a semiconducting metal oxide surface, relying on
highly selective and sequential activations of carbon-bromine (C-
Br) and carbon-fluorine (C-F) bonds (Fig. 22a). Two zigzag end
resonances, showing a quasiparticle gap of approximately 2.45
eV, were localized within the energy gap of bulk 7AGNR states
(Fig. 22c), in excellent agreement with previous reports about (7,n)
GNRs on NaCl [166]. The measured quasiparticle gap was near the
values expected for the freestanding system, revealing a weak in-
teraction between the 7AGNRs and the TiO, substrate. Very re-
cently, 7AGNRs as well as other large nanographenes synthesized
on TiO,(110) have also been reported [170]. Despite the low cover-
age and efficiency, these examples of successful on-surface synthe-
sis of graphene nanostructures provide perspectives for the direct
synthesis of magnetic graphene-based nanostructures on semicon-
ductors or insulators.

2.5.4. Growth of second-layer GNRs

The above methods of decoupling spins from metal substrates
actually face the common problem of low yields. Recent progress
reported a strategy of direct growth of second-layer GNRs, utilizing
the inert first layer to act as a self-decoupling layer between the
second-layer GNRs and the metal substrate, as shown in Fig. 23
[171]. By rationally designing bowtie-shaped precursor molecules
and taking advantage of strain-promoted domino-like cyclodehy-
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drogenation reactions, the growth of second-layer 5/7-AGNRs is
remotely triggered from the GNR parts directly adsorbed on the
Au substrate via consecutively programmed Cspy-Cspp and Cgpr-Csp3
couplings (Figs. 23a and b). The quasifreestanding nontrivial na-
ture of the second-layer 5/7-AGNRs was confirmed by measuring
the quasiparticle energy gap of topological bands and the tunable
Kondo resonance from topological end spins. The magnetic field
evolution of the Kondo resonance at the end and the zero-energy
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map (Figs. 23c and d) indicated that the decoupling effect of the
first-layer GNRs can provide suppressed but strong enough screen-
ing to induce the Kondo resonance, which is consistent with previ-
ous results of magnetic molecules on GNRs [172]. The achievement
of the synthesis of second-layer GNRs may open an avenue toward
diverse second-layer graphene nanostructures with different spin
states and topological states for quantum computing and quantum
sensing.
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3. Quantum information exploited by combining ESR and STM
3.1. Background of single-atom ESR

Over the past two decades, STM has been intensively used for
studying individual and tailored spins carried by magnetic atoms
or molecules. On surfaces, atomic/molecular spins can be assem-
bled by STM tip with sub-nanometer precision to build artificial
spin systems [173-175]. Together with magnetic field-dependent
STS and spin-polarized (SP) techniques [176], the STM-based tool-
box enables a variety of investigations of spin physics. In addition,
single atomic spins are the smallest classical bit for data storage,
which have attracted huge attention. In particular, great progress
has been made in the study of spin excitation [177], which usu-
ally emerges when decoupling buffers, e.g. insulating thin films,
are inserted between spins and the metallic substrate [178-180].
Spin on decoupling buffers is less affected by conduction electrons
from the substrate, preserving spin states from scattering events
and thus enhancing the spin lifetime. Loth et al. introduced direct-
current (DC) pump-probe scheme to STM for measuring spin re-
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laxation time Ty, paving the way for probing spin dynamics in the
time domain [181].

Despite the fruitful achievements in this field, the quantum na-
ture of spins has not been fully harnessed. Spin excitations stud-
ied by STM rely on inelastic tunneling, which is an incoherent
process. Besides, the energy resolution of spin-flip spectroscopy is
limited by temperature due to thermal broadening, typically ~1
meV. These shortcomings were overcome by the combination of
ESR and STM (Fig. 24a), in which a microwave source was con-
nected to the tunnel junction. The first STM-ESR was obtained on
a Fe (S=2) atom adsorbed on bilayer MgO films [182]. ESR tran-
sition was driven between the lowest two energy levels when the
frequency of the radio-frequency (RF) signal matched the Zeeman
energy. ESR signal was detected by using SP-tip and lock-in tech-
niques, similar to DC pump-probe scheme [181,183]. The authors
observed a linear dependence between the resonance frequency fy
and z-component (perpendicular to the sample plane) of the exter-
nal magnetic field B, (Fig. 24b). The typical linewidth (FWHM) of
ESR spectra is ~10 MHz, which is four orders of magnitude better
than spin-flip spectroscopy. Moreover, the coherence time T, of the
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spin can be estimated from the linewidth, which enables access to
the quantum-coherent aspect of the spin [184].

The driving mechanism of STM-ESR is sketched in Fig. 24c. Two
ingredients are AC electric field Vgr and exchange coupling J(z) be-
tween SP-tip (with magnetic atoms at the apex) and the measured
atom. When applying Vgr to the tunnel junction, the atom moves
vertically and creates a small displacement Az. The exchange cou-
pling J(z) is thus modulated due to its high sensitivity to the
tip-atom distance and its gradient dJ(z)/dz drives ESR transitions
[185], which is called piezoelectric coupling (PEC) mechanism. This
mechanism is in analogy to what was used in electrically-driven
ESR of quantum dots [186] and is well-supported by follow on ex-
perimental and theoretical works [31,187,188]. Notably, these two
ingredients of STM-ESR do not rely on a specific crystal field or a
sizable spin-orbit coupling, indicating that ESR-STM techniques can
be applied to other systems as discussed below.

3.2. Magnetic interaction between coupled atomic spins

The unprecedented energy resolution and exquisite spatial res-
olution make ESR-STM an outstanding tool for probing magnetic
interactions at the atomic scale. As discussed in Section 3.1, the
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SP-tip also has an exchange coupling J(z) with the atom, which af-
fects the resonance frequency fy of single-atom ESR when J(z) is
varied. Such tip effect was modeled as an effective magnetic field
Biip =J(2)/(guisSi) (Fig. 24d), thus the total magnetic field B expe-
rienced by the atom is B=Bijp + Bext. It should be noted that the
magnetic atoms on the tip apex were treated classically in this
simplified model, which holds in most cases [189]. An exception
is introduced in Section 3.5.

When driving ESR of a Ti (S=1/2) dimer, only the one under-
neath the SP-tip experiences By, the system Hamiltonian can be
written as:

H = giup (Btip + Bext) S+ g21upBext - S
+(J +2D)S1:522 + (J — D) (S1xSax + S1yS2y) (3)

where S is the spin operator of each Ti spin, J and D are the ex-
change and dipolar coupling strengths, By, only affects Ti-1 under-
neath the tip and adds to the Zeeman energy of Ti-1. The direction
of Bext is defined as the z-axis because Bext >> Byj,. By choosing
the Zeeman product basis: |00), |10), |01) and |11}, the eigenstates
and eigenvalues of this Hamiltonian are:

J+2D  pusg

|00), Ego = a 5

[gl (Btip + Bext) + gZBext] (4)
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Although |00) and |11) are still eigenstates of H, |10) and
|01) are mixed into superposition states |+) = cos(£/2) [10) +
sin(§/2) |01) and |-) =sin(£/2) |10) — cos(£/2) |01), in which
the mixing parameter & = arctan| J-D ] is deter-

181 (Biip+Bext) — 182 Bext
mined by the ratio between flip-flop coupling ] — D and the dif-
ference of two Zeeman energies 11pg1 (Biip + Bext) — 4pg2Bext. Using
ESR-STM, Yang et al. have demonstrated that By, J and D can be
determined and tuned, which allows for engineering eigenstates of
the coupled spin system [189]. For instance, both J and D can be
adjusted by tip manipulation to build strongly or weakly-coupled
dimers. Besides, B, on one spin is easily varied by changing Ipc,
enabling tuning the mixing parameter £ to form Zeeman prod-
uct states (|10) and |01)) or singlet-triplet states (|+) and |-))
Fig. 24f).

Singlet-triplet states were used for the demonstration of free
coherent evolution of a weakly-coupled Ti dimer [190]. By pre-
cisely placing Ti spins on different bridge binding sites on MgO,
the authors observed different g-factors between vertically and
horizontally oriented Ti spins. In this case, a finite B, can com-
pensate the Zeeman energy difference and thus reach the perfect
tuning point & = arctan[]’TD] = 1 /2, where single-triplet states are
formed and two Ti spins share the identical Zeeman energy. When
performing DC pump-probe measurement at the tuning point, the
state vector undergoes a Larmor precession in singlet-triplet state
space, giving rise to oscillations at the flip-flop frequency (J — D)/h
(Figs. 24g and h). Note that the measurement utilized incoherent
DC pulses to initialize and probe the quantum state of only one
spin, observation of the two-spin state coherent evolution was es-
sentially enabled by carefully designing the eigenstates using ESR-
STM techniques. In addition, singlet-triplet states also have been
utilized to construct clock transitions for longer coherence time
[191], because the single-triplet subspace has zero magnetic quan-
tum number and is thus robust to the magnetic noise.

On the other hand, when the mixing parameter £ =0, i.e. flip-
flop coupling is much larger than the Zeeman energy difference,
|10) and |01) become eigenstates of Eq. 3. The two spins are dis-
entangled so that DC pump-probe measurement can only yield a
simple exponentially decaying curve, corresponding to the relax-
ation process from |10) to |00). However, Zeeman product state is
an essential ingredient when implementing multi-qubit operations
to spins on a surface (see Section 3.6).

3.3. Hyperfine interaction of a single atom

Nuclear spin holds robust quantum coherence against noise
from the environment, constituting an important candidate for
quantum science and information processing [192-194]. In addi-
tion, analyzing the electron-nuclear interaction, i.e.,, hyperfine in-
teraction, provides information on the local electronic structure. In
conventional STM/STS works, signals from the nucleus were ob-
tained by detecting molecular motions and the energy resolution
was not good enough to resolve hyperfine interaction [195,196]. In
contrast, ESR-STM allows for the detection of hyperfine interaction
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within a single atom. The Hamiltonian is written as:

H=gugB-S+S-A-1+gunNB-1+1-P-1 (8)

where S and I are electron and nuclear spin operators, A and P
are hyperfine and electric quadrupole tensors, respectively. In this
section, the nuclear Zeeman energy term g,unB -1 is ignored be-
cause it is much smaller than other terms. Willke et al. observed
2-peak ESR spectra on 5 out of 147 Fe atoms, close to the nat-
ural abundance of 2.1% for °’Fe (I=1/2) [197]. Besides, isotopes
47Ti (1=5/2) and #9Ti (I=7/2) were also identified from the 6-peak
and 8-peak ESR spectra, respectively. As shown in Fig. 25a, adja-
cent ESR peaks share the identical splitting Af when measuring on
bridge site Ti, indicating that P is negligible here. Interestingly, Af
decreased dramatically when Ti was moved to the oxygen site by
atom manipulations and recovered upon moving back to the bridge
site (Fig. 25b). This result suggests that hyperfine interaction re-
veals changes in the local chemical environment.

Moreover, two groups independently observed similar B field
angle (6)-dependent hyperfine interaction of Ti atoms on two dif-
ferent bridge binding sites. As shown in Fig. 25c, results mea-
sured on vertical and horizontal bridge sites show clear differences,
which can be interpreted by considering anisotropies of the A ten-
sor and g-factor. Since the principal values of A and g-factor can
be obtained by fitting ESR spectra, Kim et al. and Farinacci et al.
were able to determine the shape of the electron ground state us-
ing DFT simulations and a point-charge-based model, respectively
[198,199]. These two methods reached a good agreement, paving
the way to determine the local electronic structure at the single-
atom level.

Resolving hyperfine interaction provides opportunities to ad-
dress nuclear spin [193], which rarely interacts with the environ-
ment and is hence difficult to manipulate directly. ESR spectra of
Cu, including both %3Cu (I=3/2) and %°Cu (I=3/2), show hyper-
fine interactions that are two orders of magnitude larger than Ti
[200]. DFT calculations show that the strong hyperfine interac-
tion originates from the large s-electron density at the nucleus,
which induces hybridizations between eigenstates (Zeeman prod-
uct states). As shown in the upper panel of Fig. 25d, there are
eight eigenstates |i) (i =1 to 8), and two types of hybrid states un-
der Vpc=-22 mV: (i) hybridizations between (|1), |7)), (|2), |6))
and (|3), |5)), labeled as dashed arrows, during which the spin
of the tunneling electrons is conserved (Ao =0) (ii) hybridizations
between (|1), [8)), (|2}, |7)), (|3), |6)) and (|4), |5)), labeled as
solid arrows, during which the spin of the tunneling electrons is
reversed (Ao =+1). Under a negative bias, the SP-tunnel current
mainly consist of spin-up state electrons with o =1/2, which in-
duce angular momentum transfer Ao =+1 from the upper to the
lower sector (Fig. 25d, upper panel). The combined Ao =0 and
+1 process transfer the state population to |4), corresponding to
the large peak in the ESR spectrum. When applying a positive bias
Vpc =+22 mV, the population transfer becomes opposite and |8)
has the predominant population, as shown in the lower panel of
Fig. 25d. The authors achieved ~17 times enhancement over the
thermal equilibrium at 1 K, which corresponds to an effective tem-
perature of 200 mK. Because of the strongly polarized states, the
authors were able to measure NMR spectra, in which three peaks
were resolved (Fig. 25e). NMR signals are detected by the change of
electron spin polarization induced by NMR transitions. This work
demonstrates the polarization, driving, and detection of nuclear
spin, which highlights the potential of ESR-STM in manipulations
of electron-nuclear systems.

3.4. Coherent manipulations of a single atomic spin-qubit

With the development of modern information technology, the
miniaturization of devices reaches the nanometer scale [201]. In
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light of the quantum phenomenon occurring at such a length
scale, quantum information processing (QIP), which utilizes the
quantum-coherent properties of individual spins, defects, or pho-
tons, has stood out as a new class of information technology [202].
In the recent three decades, many qubit platforms have been de-
veloped and used for the demonstration of quantum computing.
On the other hand, spins on surfaces can be arranged into on-
demand nanostructures with A precision and are natural candi-
dates for QIP. However, realizing quantum control of the spin states
remains a challenge.

By using ESR-STM, the quantum nature of spins becomes ac-
cessible as discussed above. For the next step, resonant ESR pulses
are required to perform coherent spin manipulations. The experi-
mental setup of single-spin pulsed ESR measurements is sketched
in Fig. 26a, in which a vector RF generator is gated by an arbi-
trary waveform generator (AWG). The duration and phase of RF
pulses are controlled through programming AWG and each RF
pulse corresponds to a single-qubit rotation. Considering an RF
pulse with duration t and phase ¢, it performs a single-qubit ro-
tation Ry (60 = Q27) on the Bloch sphere, as shown in Fig. 26b. Start
from the ground state |0), the state vector is rotated by 6 = Q1
about the axis defined by the angle ¢ to the x-axis in the x-y plane,
reaching to the state: cos(8/2)|0) + e'¥sin(6/2)|1). Here Q is the
Rabi rate and ¢ is defined by the phase difference between two RF
pulses (see below).
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The first pulsed ESR result [203] was measured on Ti spin
(S=1/2) with phase-fixed RF pulses (¢ = 0). Rabi oscillations were
observed by varying pulse duration at the resonance frequency, the
signal can be fitted to an exponential decaying cosine function:
Al = Io- exp (‘,I,z:m> - €os (QI) + Ioffset (9)

As shown in the left panel of Fig. 26¢, Rabi oscillations with in-
creasing Vgr show a linear dependence between 2 and Vg, as ob-
served in other qubit platforms. Besides, the coherence time TzRabi
decreases when increasing Ipc, which is induced by decoherence
effects from tunneling electrons. Qubit performance was charac-
terized by Ramsey and spin echo measurement. The coherence
time TZEChO: 190 ns is much longer than T} =40 ns, revealing that
the slow magnetic field fluctuation is another decoherence source
[204].

Yang et al. attributed the pulsed ESR signal Al to homodyne de-
tection (the right panel of Fig. 26¢), in which x and y-components
of the spin state were probed by Vgr [203]. In contrast, a re-
cent work demonstrated that DC detection which probed the z-
component of the spin state through Vpc, was the predominant
mechanism in pulsed ESR [205]. Such distinction is probably from
the different By, orientations, which determine the ratio between
DC and homodyne signals. For simplicity, we assume an SP-tip that
is suitable for DC detection. The pulsed ESR signal AI of an arbi-
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trary single-spin state is:

Al \cos(9/2)|2 —|e® sin(9/2)|2 = cosf (10)

Showing an agreement with Rabi signals in Fig. 26c. Note that
Al is independent of RF phase ¢, which is a trivial result due to
the arbitrariness of ¢ in a single wave.

Implementing phase-controlled RF pulses requires a two-pulse
sequence, in which the first pulse “defines” the x-axis (¢ =0) and
the phase difference between two pulses determines ¢. An exam-
ple is illustrated in Fig. 26d, a sequence with two control parame-
ters: duration t€[0,7]/2 of the first pulse and the phase ¢e[0,27]
of the second pulse. The simulated trajectories of the spin’s final
state with respect to ¢ are shown on the Bloch sphere, demon-
strating significant differences between Qt =0 or &, 0.37, 0.5
and 0.7 cases. Spectra measured by such sequence are illustrated
in Fig. 26e, solid curves are Al(p) = —Iycose [206]. From Fig. 26d,
the height 2Iy = |AI() — AI(0)| of each curve varies with the
duration 7 and the maximum height occurs when Q7 = 0.5 (|0)
and |1)), in agreement with the result in Fig. 26e. Moreover, the
results for Qt and (7 — Q7) are equivalent to each other under
DC detection, e.g. results correspond to 2t =0.77 and 0.37. The
authors further plotted I extracted from 13 curves against Qrt,
as shown in Fig. 26f. Data shows a clear sin 2t dependence (red
curve) as predicted from the simulations. Obviously, varying the
two control parameters T and ¢ can lead to any quantum state on
the Bloch sphere [207], demonstrating the ability to generate arbi-
trary single-qubit superposition states.
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3.5. Molecular qubits

We have introduced complete qubit control of a single atomic
spin (Ti) by ESR-STM in Section 3.4, making an important step
forward in utilizing spins on surface for QIP. Extending the same
technique to other spin-carrying species is desirable. To this end,
Zhang et al. deposited iron phthalocyanine (FePc) molecule onto
bilayer MgO films and found FePc was S=1/2 species and suitable
for ESR-STM measurements [208]. DFT calculations suggested that
when adsorbed on MgO, FePc molecule was charged by one elec-
tron from Ag substrate and formed a S=1/2 system. The local DOS
of charged FePc highlighted the unpaired d,, orbital, which was
different with Ti spin. Besides, the charged FePc orbital configura-
tions on MgO were similar with those in vacuum, which demon-
strated a weak interaction between FePc and substrate.

ESR measurement on single charged FePc (in the following sim-
ply referred to as FePc) revealed that FePc had a magnetic moment
of 1 wpg, similar to Ti spin [189]. In contrast, measurements on FePc
dimers demonstrated different results from those on Ti dimers. As
shown in Fig. 27a, FePc molecules have two orientations on MgO,
forming two types of FePc dimers: (3, 4) and (5, 0). From STM im-
ages at left, two dimers share the same Fe-Fe distance but have
different lobe-lobe distance. When measuring ESR under a pure B,
field, the authors observed significant different peak splitting on
the two dimers, as shown at the right of Fig. 27a. By rotating B
field, the exchange and dipolar coupling strength of (3, 4) dimer
were extracted from ESR spectra: =133 MHz and D= 16 MHz. The
result suggested that the exchange coupling was the dominant in-
teraction in FePc dimers, which should be identical in (3, 4) and
(5, 0) dimers.
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However, unlike atomic spins, FePc cannot be treated as point
magnet due to spin distributions on the lobes. DFT calculations
revealed that d, orbital of the central Fe had 71% spin distribu-
tions and 29% contributions were from the ligands and other or-
bitals. The authors claimed that the non-negligible spin density
on the outer ligands of the molecule might produce such a dif-
ference by generating additional coupling path for the intermolec-
ular magnetic interaction. The result implies that the distance be-
tween nearby ligands plays a crucial role in magnetic coupling en-
ergy. Since the ligands can be functionalized by chemical methods
[209], this result also allows for building more flexible magnetic
nanostructures on a surface.

In a follow on work, in which FePc-Ti hetero dimers were mea-
sured, the authors observed that the splitting Af of the FePc-Ti
dimer appeared to differ significantly depending on whether the
tip was located on Ti or FePc [210]. By measuring dozens of FePc-Ti
dimers with various tips, they found roughly 50% of the ESR-active
tips showed identical ESR splitting within the error bars on either
spin. While for the other ESR-active tips, the splitting Af reduced
by ~50% when the tip was positioned on the Ti atom (Fig. 27b).
Notably, such tip-dependent splitting Af only appeared in FePc-Ti
hetero dimers while Af obtained on homo dimers (Ti-Ti and FePc-
FePc) revealed no tip-dependence. A model was established for in-
terpretation, in which the SP-tip was modeled as S, rather than
Byp in Eq. 3. Two states of S, (| |) and | 1)) were considered,
which doubled the ESR transitions. The number of observed peaks
in ESR spectra was reduced by the degeneracies, leading to misin-
terpretation of magnetic interaction. The reason that tip-dependent
Af only appeared FePc-Ti dimers was because of the different ex-
change coupling between tip and each spin. As shown in Fig. 27b,
the ratio between tip-induced exchange coupling Ji;, and measured
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FePc-Ti coupling Jrep.7; determined the alignment of ESR transi-
tion. When Jiip/ Jrepcri = 0.5, ESR transitions correspond to | |) and
| 1) states becomes overlapped, the spitting Af between adjacent
peaks, which is the conventional way for extracting magnetic in-
teractions, yields incorrect results. Although only half of the SP-tip
in this work showed such tip-dependent Af, the S, model pro-
vided a comprehensive reference for characterizing tip features in
ESR-STM measurements especially for hetero-spin systems.

The works on FePc-FePc and FePc-Ti dimers lay the foundation
for studying molecule-based spin systems or metal-organic coordi-
nation networks using ESR-STM. The S=1/2 nature of FePc on MgO
also allows for coherent spin manipulation [211], as is demon-
strated on single Ti spin. Rabi oscillations measured with increas-
ing Vgr on a single FePc are shown in Fig. 27c. The result is sim-
ilar to Ti Rabi oscillations in Fig. 26¢, despite of the different or-
bitals. Spin echo measurements at varying Ipc show a clear depen-
dence between TZEC’“J and Ipc, in agreement with previous works.
The authors further measured TZEC’“’ as a function of the number of
neighbored molecule, showcasing the use of ESR-STM on studying
expanded spin systems.

Efforts to search new ESR-active spin species are ongoing, al-
kali metal dimers [212] and m-radical on TbPc, [213] have both
enabled ESR-STM measurements. In particular, unlike alkali metal
dimers and FePc, which changed from S=1 to S=1/2 upon depo-
sition on bilayer MgO, the m-radical that located on the lobes of
TbPc, has been preserved on bilayer NaCl. This result demonstrates
that STM-ESR does not rely on specific substrate like MgO and the
S=1/2 Ti on MgO may originate from the same charge effect. Re-
solving ESR of the delocalized mr-radical on the lobes highlights the
potential of extending ESR-STM techniques on other 7 -radical sys-
tems, such as nanographene [70].
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3.6. A multi-qubit platform on a surface

As introduced in Sections 3.4 and 3.5, ESR-STM has enabled co-
herent control of a single electron spin that yet to be achieved by
conventional STM/STS techniques. The SP-tip plays a crucial role in
both driving and detecting STM-ESR, but also limits this technique
to a single spin in the tunnel junction. Utilizing spins on surfaces
for QIP requires driving and detecting multiple qubits that outside
of the tunnel junction, which is remained elusive. To this end, ef-
forts are made on developing new ESR driving method within the
frame of PEC mechanism, in which the key ingredients are ac elec-
tric field Vgr and tip-atom exchange coupling J(z). Although Vgg is
thought to have a radiation range of tens of nanometers, J(z) is ex-
tremely localized and only affects the spin in the tunnel junction.
A nearby Fe atom was placed 0.6-0.8 nm away from a Ti spin to
provide exchange coupling [203]. The authors observed a non-zero
Rabi rate €2y when the tip was nearly retracted. The 23 was found
to be strongly dependent on Fe-Ti distance and enhanced when an
additional Fe was placed nearby. This work demonstrated that the
J provided by Fe on the surface was sufficient to substitute that
from the SP-tip, opening an avenue for driving ESR transitions of
spins that remote from the tunnel junction.

Based on this effort, a recent work has achieved bottom-up con-
struction, qubit operations, and readout of multiple electron-spin
qubits using an ESR-STM [214]. The qubit architecture is sketched
in Fig. 28a: a Ti spin is driven and detected by SP-tunnel current
as in other works, serving as the sensor qubit; each remote qubit
is constructed by positioning an Fe atom ~0.6 nm away from Ti
for ESR driving [203]. For detections of remote qubits, eigenstates
were engineered to nearly pure Zeeman product states (Fig. 28b)
and pulsed double electron-electron resonance (pDEER) technique
was implemented. As shown in Fig. 28c, a sequence consist of two
RF pulses was used for pDEER, including a control pulse (red) and
a sensing pulse (blue) acting on the remote and sensor qubit, re-
spectively. The control pulse was applied first and its frequency fz
was swept, followed by the sensing pulse applied at f; (f;) to mon-
itor the population of state |0) (|1)) of the remote qubit. When
fr matched f; or f4, the population change induced by the control
pulse resulted in a detectable increase (decrease) of the sensing
pulse applied at f; (f,). The pDEER technique enabled measuring
resonance frequencies of the remote qubit although the SP-tip was
positioned on the sensor qubit.

Due to the constant qubit-qubit coupling, single-qubit (uncondi-
tional) operation that independent of other qubit’s states requires
driving all the ESR transitions (f; and f;) simultaneously. Since the
eigenstates were Zeeman product states, f3 and f4 were driven with
the same strength to realize single-qubit operation, as shown in
Fig. 28d. In addition, the authors performed unconditional two-axis
control of the remote qubit, which allowed for arbitrary single-
qubit gates in the two-qubit system. In contrast, controlled (condi-
tional) operation was straightforward because only one ESR transi-
tion of the remote qubit had to be excited.

Knowing the CNOT time from controlled operation, the authors
further coherently controlled both sensor and remote qubits to
demonstrate a CNOT gate. In Fig. 28e, it illustrates the result of
controlled rotations of the sensor qubit by driving f; (blue) and f,
(cyan), corresponding to qubit rotations conditional on |0) and |1)
states of the remote qubit, respectively. The measurement was per-
formed at ~0.4 K and predominant population was in the state|0),
resulted in visible oscillations only in the blue curve which was
conditional on |0) state of the remote qubit. When a CNOT was
applied at f3, the population of the state |0) was transferred into
the state |1) and thus induced opposite trends of the oscillations
(Fig. 28f). This result is the first demonstration of a CNOT gate with
spins on a surface, together with the single-qubit operation, it is
now in principle possible to generate two-qubit entangled states,
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e.g. by applying a Hadamard gate to the sensor qubit followed by
a CNOT gate acting on the remote qubit.

Controlled-controlled operation in an extended system has also
been demonstrated. Using atom manipulation, a three-qubit sys-
tem composed of a sensor qubit and two remote qubits (referred
to as RQ1 and RQ2) was constructed, as sketched in Fig. 28a.
The eigenstates were again engineered to nearly pure Zeeman
product states by precisely placing atoms and a vector mag-
netic field. An energy level diagram and ESR transitions used for
controlled-controlled operation are shown in Fig. 28g. The transi-
tion |0)|00) <> |0)|10) (red arrow) was driven to rotate RQ1 when
the sensor qubit and RQ2 are both in the state |0). The signal was
sensed by all the four ESR transitions of the sensor qubit (blue
arrows), appearing as two oscillations curves and two featureless
curves, as shown in Fig. 28h. Apparently, the two oscillating curves
were detected by sensing pulses that read the population change
of remote qubits’ state |00) (magenta) and |10) (orange). While the
other two curves reflected population changes in state |01) and
|11), which were not involved in controlled-controlled operation
(10)]00) < [0)[10)).

Lastly, the relaxation and coherence properties of the remote
qubit were characterized in a two-qubit system. By performing an
inversion recovery measurement, the relaxation time T; of the re-
mote qubit was obtained as 166 + 14 ns, showing slight improve-
ments over the conventional DC pump-probe result. The latter was
potentially affected by the scattering events between tip and sub-
strate although the tunnel current was almost zero. The authors
further observed Ipc-independent T,Eh® from spin echo measure-
ments. In particular, the result T,E"® ~ 300 ns approached the
theoretical limit of 2T; ~ 330 ns, suggesting that the coherence
time after noise-filtering was limited by the short relaxation time,
which can be easily enhanced by using thicker MgO layers.

4. Topology properties of surface organic structures

The discovery of graphene has inspired a fast-growing field of
two-dimensional (2D) materials [215-219]. In particular, 2D topo-
logical insulators have received significant attention because sym-
metry protected conducting edge states provide promising plat-
forms for exploring fundamental sciences as well as for the realiza-
tion of multifunctional topological devices in spintronics, quantum
computation and information processing [215,220-225].

The nontrivial band topology is currently received significant at-
tention in the study of 2D TIs. The band topology can be identified
by calculating its topological invariant. Each band has a topological
invariant that is zero for topologically trivial cases and nonzero for
topologically nontrivial cases. It is predicted that both Dirac and
flat bands have a so-called nontrivial band topology. The Dirac and
flat bands generally arise in 2D lattices with special lattice sym-
metry. It is known that the Dirac band generally arise in a 2D hon-
eycomb lattice [222], and the flat band usually forms in a geomet-
rically frustrated lattice, such as Kagome (corner-shared triangle)
and Lieb (edge-centered square) lattices [226-230], as shown in
Figs. 29a-c.

We start with generic tight-binding (TB) models in the three
basic 2D lattices to understand the relation between lattice sym-
metry and band structure as well as their associated intriguing
quantum states. Neglecting the on-site energy difference between
the sublattices and considering only nearest-neighbor (NN), the TB
spinless Hamiltonian can be simply written as:

3 f ¥
A= Z &iClCi — tij Z (ci i+ H.c.)
i ij

where ¢; is on-site energy at the ith site. c}L and ¢; are electron
creation and annihilation operators at the ith site, respectively.
<i, j> denotes the NN hopping with hopping parameter t;;.

(11)
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TB model of a honeycomb lattice gives rise to two Dirac bands,
as shown in Fig. 29d. After considering spin-orbital coupling (SOC)
effect, a nontrivial gap opens at the Dirac points, changing the sys-
tem from a topological semimetal into a TI. The band structure of a
Kagome lattice exhibits three bands with one flat band located ei-
ther below or above two Dirac bands depending on the sign (posi-
tive or negative) of lattice hopping (Fig. 29e). Similarly, further in-
cluding of SOC effect, the Dirac points at K(K’) and band degen-
erate point at I' will be gapped, leading to TI states. In addition
to the Kagome lattice, Lieb lattice also hosts Dirac and flat bands
(Fig. 29f). Ideal Lieb band structure shows one perfect flat band
crossing the middle of Dirac bands only if it has same on-site en-
ergies for the corner and edge-center sites and negligible second
nearest-neighbor lattice hopping. For this reason, realistic materi-
als host Lieb band structures are quite rare.

The 2D organic frameworks have the advantages of low cost,
easy fabrication and mechanical flexibility, becoming a hot topic in
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on-surface chemistry. With the rapid progress in synthesis chem-
istry, there exists a very large family of 2D organic materials [231-
238]. Many of them exhibit high-symmetry lattices, such as hon-
eycomb [239], Kagome [240], Lieb lattice [241] and rhombus lat-
tices [242], which is promising to host non-trivial band topology,
as shown in Fig. 30.

Especially, considering the extraordinary diversity of coordina-
tion chemistry that will provide countless combinations of metal
ions and organic linkers, to offer a rich variety of lattice, orbital,
and spin symmetries [243]. Moreover, strongly correlated localized
d and f electrons of metal ions and diffusive s and p electrons
of molecular linkers, leading to more exotic topological and mag-
netic properties. Furthermore, the substitution of the metal atoms
with other metal atoms of different oxidation provides a platform
to tune the location of topological states without extra electron or
hole doping.
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Fig. 29. TB models and electronic properties of three basic 2D lattice. (a-c) Lat-
tice structures of honeycomb, Kagome and Lieb lattices, respectively. Correspond-
ing band structures calculated with the nearest-neighbour tight-binding model and
insets are the Brillouin zones. The on-site energy is set to be zero, and nearest
neighbour hopping strength ¢ is set to be 1 eV. (d-f) Band structures of honeycomb,
Kagome and Lieb lattices, respectively.

In the following, we will focus on reviewing recent studies
of 2D organic topological and quantum materials, in particular
metal-organic frameworks (MOFs) featured with topological Dirac
and flat bands, as well as intriguing topological quantum states
they host, e.g., quantum spin Hall and quantum anomalous Hall
states.

4.1. Honeycomb lattices

The first organic TI (OTI) was theoretically predicted by Wang et
al.,, in the honeycomb lattice of Biy(CgH4)3 and Pby(CgHy)s [244].
Theoretical calculations indicate that Pb,(CgH4); has a buckled
honeycomb structure in which the para-Pb atoms are displaced
alternately up and down out of the plane of the benzene rings
(Fig. 31a). The honeycomb lattice gives rise to Dirac band. The band
structure displays a gapless Dirac cone at the K point without SOC,
but a gap of ~8.6 meV opens up when SOC is considered (Figs. 31b
and c). The non-trivial topology is confirmed by non-zero topologi-
cal invariant Z, number and edge states connecting the conduction
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Fig. 30. Experimental synthesized MOFs in (a) honeycomb [239], (b) Kagome [240],
(c) Lieb [241] and (d) rhombus lattices [242]. Reproduced with permission [239-
242]. Copyright 2009, 2011, American Chemical Society; Copyright 2014, Royal Soci-
ety of Chemistry; Copyright 2018, CC-BY 4.0.

and valence edge (Fig. 31d). The Biy(CgHy)3 also has non-trivial
topological properties and a Dirac-cone SOC gap as large as ~43
meV (Figs. 31e and f). However, its topological gap is 0.31 eV above
the Fermi level because Bi has two extra electrons than Pb.

This original work aroused much attention and subsequently a
number of theoretical OTIs by replacing the metal atoms with In
[245], Mn [244], Tl [246] and so on [247]. For example, when Pb
is replaced by magnetic Mn this family can exhibit a QAH effect
(Fig. 32). The ground state of the Mn,(CgHy); lattice is found to
be ferromagnetic with a magnetic moment of 4 ug per unit cell.
The Mn,(CgHy4)s lattice is a half semimetal due to the spin-up (red
dashed line) and spin-down (blue solid line) bands are completely
split away from each other, and only the spin-down band is left
around the Fermi level, as shown in Fig. 32a. Mn,(CgHy)3 lattice
exhibits a gapless chiral edge state within the Dirac gap and is
shown to have a nonzero Chern number (Figs. 32b and d). The
physical origin of its quantum anomalous Hall effect (QAHE) due
to both the intrinsic SOC and strong magnetization provided by Mn
atoms.
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Fig. 31. Atomic structure and electronic properties of monolayer Pb,(CgH,)3 and Biy(CsHy)s in a honeycomb lattice. (a) Top and side views of the Pb,(CgHy)s and Biy(CgHy)s
lattice. Dashed lines show the unit cell. I and h are distance and height difference between the two metal atoms. (b, e) Band structures of Pb,(CgH,4); and Biy(CgHy)3 lattice
with spin-orbit coupling (SOC). The dashed line indicates the Fermi level. The I', K, M and K’ are the high symmetric k-points. (c, f) Zoom-in band structures of Pb,(CgHy)s3
and Bi,(CgHy)s lattice calculated by first-principles and Wannier functions around the Dirac-cone. (d) Energy and momentum-dependent local density of state (LDOS) of the
zigzag edge of the semi-infinite lattice, L is the unit cell length along the edge. Copyright 2013, American Physical Society.
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Fig. 32. Electronic and topological properties of monolayer Mn,(CsH,)3 in a hon-
eycomb lattice [244]. (a) Band structure of Mn,(CgH4)3 lattice without SOC. Dashed
red lines (solid blue lines) denote spin-up (spin-down) bands. (b) Semi-infinite edge
states inside the Dirac gap of the Mn,(CgHy)s lattice. (c¢) Tight-binding (TB) band
structure with M =4t and Asp= 0.05t. (d) Berry curvatures by setting the Fermi level
within the intrinsic SOC gap indicated by the arrows and the resulting Chern num-
bers. Reproduced with permission [244]. Copyright 2013, American Physical Society.

E-E, (eV)

r K M r 0 -1 -2
of;'(emn)

Fig. 33. Atomic structure and topological properties of Ni3C,S;; Kagome lattice
[248]. (a) Atomic structure of Ni3C;,S;> Kagome lattice. The solid lines show the
unit cell, and the dashed lines outline the kagome lattice. (b) A comparison be-
tween first-principles and single-orbital TB band structures for the flat and Dirac
bands. Calculated spin Chern number of each band is labeled. (c) Same as a for the
quantized spin Hall conductance within the energy window of the two SOC gaps.
Reproduced with permission [248]. Copyright 2013, American Chemical Society.

4.2. Kagome lattices

2D Ni3C;Sq, lattice is theoretically predicted to be a -
conjugated Kagome lattice, as shown in Fig. 33a [248]. The bands
near Fermi level shows typical Kagome band feature (Fig. 33b): two
Dirac bands near Ep with a gap of A; =13.6 meV, and a flat band
lying above the upper Dirac band with a band gap of A, =5.8 meV.
Both Ay and A, vanish in the absence of SOC. To confirme the
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nontrivial topology of the Ni3Cj,Sq, lattice, the spin Chern number
and spin Hall conductance are calculated, as marked in Figs. 33b
and c. For both spins, the flat band and the bottom Dirac band
have a nonzero Chern number (+1), while the top Dirac band has
a zero Chern number. Thus, within the SOC gap of A; or A,,
the spin Chern number is -1, and quantized spin Hall conductance
((—2ef4)) both indicated that the Ni3Cy,S1, lattice is topologi-
cally nontrivial. However, the topological gap (A and A,) is above
Fermi level, thus Ni3Cj,Sy, lattice is not intrinsic. Electron doping
is needed to move the Fermi level into the gap. It motivates the
predictions of intrinsic 2D OTIs in Kagome lattices so that topolog-
ical states can be measured directly without doping or gating.

Subsequently, a Cuy(DCA); Kagome lattice is predicted to be
an intrinsic OTI [249]. As shown in Fig. 34a, 2D Cu,(DCA)3 lat-
tice has a honeycomb lattice formed by the Cu atoms (red dash
line), and a Kagome lattice by the DCA molecules (blue dash
line). The lone pair in the CN group enables DCA molecule can
easily form strong coordination bonds with Cu atoms. Recently,
2D Cu,(DCA); Kagome lattice has been successfully fabricated on
Cu(111) (Fig. 34b) [250] and on NbSe, [251]. The adsorption con-
figuration observed in experiment is well consistent with the-
oretically predicted Cu,(DCA); Kagome lattice in Fig. 34c. The
Cu,(DCA); Kagome lattice exhibits a typical type of Kagome band
around Fermi level (Fig. 34d). According to the PDOS, the Kagome
bands mainly come from the p-orbital of the DCA molecule. Most
importantly, a band gap (A;=2.9 meV) opens after SOC effect is
considered and the Fermi level is exactly inside the SOC gap, in-
dicating the feature of an intrinsic TI (Fig. 34e). The non-trivial
topology is confirmed by nonzero Chen number and edges states
connecting the bulk band edges (Fig. 34f).

Recently, Liu et al. proposed that a coloring-triangle (CT) lat-
tice (Fig. 35a) can also host the Kagome band [252]. Soon after,
2D Cuy(DCB)3 CT lattice (Fig. 35b) has been predicted to be an OTI
that host QAHE [253]. The Cu,(DCB); CT lattice has ferromagnetic
(FM) ground state with a magnetic moment of 2 ug per unit cell.
The spin-up (red line) and spin-down (black line) bands split, and
the Fermi level is exactly between the flat band and top Dirac band
(Fig. 35¢). When the SOC is taken into account, band gap (A;=2.0
meV) opens between the flat band and the top Dirac band, and
the Dirac point around -0.2 eV also opens a gap of A, =0.6 meV.
However, the two SOC gaps are rather small. In order to increase
the SOC gaps, Cu atoms are replaced by Au atoms. A global band
gap is opened (A =10.9 meV), due to larger SOC of Au than Cu. It
separates the chiral edge states from the bulk states, which can be
highly desirable in practical applications.

The thermal stability of the FM ordering of these local magnetic
moments can be evaluated using Monte Carlo simulations within
the Ising model, which exhibits a Curie temperature of about 100
K, as illustrated in Fig. 35d. Moreover, the nontrivial properties of
the Cu,(DCB)3 CT lattice are confirmed by the calculated nonzero
Chern number, the quantized Hall conductivity, and the gapless
chiral edge states (Fig. 35e).

4.3. Lieb lattices

Different from Dg, symmetry protected honeycomb and
Kagome lattices, the Lieb lattice having the Dy, group symmetry.
The most representative Lieb lattice is metal-phthalocyanine (MPc)
family, due to the organic ligand has 4-fold-coordination. Although
MPc systems are widely studied [254-256], most experimental and
theoretical studies didn’t focus on their topological properties.

Recently, Jiang et al. investigated the electronic and topologi-
cal properties of MPc materials of Lieb lattices [257]. The crys-
talline structure of MPc-MOF shows that the corner sites are oc-
cupied by the MPc ligand while the edge-center sites are occupied
by the benzene ring, as illustrated in Fig. 36a. The band structure
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Fig. 34. The atomic structure and electronic properties of 2D Cu,(DCA); [249]. (a) A top view of the atomic structure. The red dashed, blue dashed, and black lines outline
the honeycomb lattice of the Cu atoms, the Kagome lattice of the DCA molecules, and the unit cell, respectively. (b) STM image of self-assembled structure of DCA on Cu(111)
after deposition at room temperature. Inset: high resolution STM image measured with a DCA modified tip [250]. (c) Proposed model of the adsorption configuration in (b).
(d) Band structures and PDOS, where the top right inset indicates the charge distribution around the Fermi level, and the bottom two insets show the zoom-in bands without
and with SOC, respectively. (e) Band structures around two SOC gaps (A; and A,) calculated by the first-principles and single-orbital TB calculations. (f) The semi-infinite
Dirac edge states within the SOC gaps. Reproduced with permission [249,250]. Copyright 2014, Royal Society of Chemistry; Copyright 2016, American Chemical Society.
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Fig. 35. The structure and electronic properties of 2D Cu,(DCB); CT lattice [253].
(a) Mlustration of CT lattice model. (b) Atomic structure of Cu,(DCB); CT lattice.
The red dashed line and black rhombus outline the honeycomb lattice of Cu atoms
and the unit cell, respectively. The blue shadows represent the CT lattice of the DCB
molecules (c) Band structure without SOC. (d) Temperature dependence of magnetic
moment calculated by using Ising model. (e) The semi-infinite chiral edge states
within the SOC gaps. Reproduced with permission [253]. Copyright 2020, Springer
Nature.

of Zn-Pc is shown in Fig. 36b, which contains four bands around
the Fermi level with a noticeable band gap (~0.35 eV). The Fermi
level locates right in the gap between the bottom Dirac band and
the middle band.

The system is a topologically trivial insulator due to the on-site
energy of the corner site, which is lower than that of the edge-
center site. TB model analysis shows that a topological transition
can be achieved by reversing the on-site energy difference between
the corner and edge-center sites in the Lieb lattice, i.e., increase the
on-site energy of corner state and/or decrease the on-site energy
of edge-center states. By applying biaxial strain, we can vary the
on-site energy and achieve a topological phase transition (Figs. 36¢
and d).

4.4. Flat band in two-dimensional organic framework

A flat band (FB) presents a strongly interacting quantum sys-
tem, has predicted in many two-dimensional (2D) lattice models
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and drawn increasing interest recently [258]. From the perspec-
tive of momentum space, the ideal flat band is nondispersive, and
the electron kinetic energy is quenched, resulting in an infinite
effective mass. Therefore, Coulomb interaction will play a domi-
nant role, leading to a large number of exotic physical phenom-
ena, such as quantum anomalous Hall effect [259], anomalous Lan-
dau levels [260], strongly correlated Chern insulators [261], Wigner
crystallization [262], anomalous ferromagnetism [263]. FB features
have been observed on the surfaces of transition metal compounds
[264-266], twisted bilayer graphene [267], and the heterostruc-
tures [268], all of which contain one atomic layer manifesting a 2D
FB lattice model, most typically the Kagome lattice. However, due
to the elusive growth and synthesis of monolayer FB materials, ex-
perimental realization of topological FB has always been challeng-
ing, especially in the ideal form of monolayer materials originally
proposed based on 2D lattice models.

4.4.1. Growth of mesoscale ordered 2D organic framework

2D organic frameworks, which include metal organic frame-
works (MOFs) [245,248,269,270], covalent organic frameworks
(COFs) [271-275], hydrogen-bond (H-bond) organic frameworks
(HOFs) [276], etc. With the development of STM and qplus nc-
AFM based on ultra-high vacuum technology, many organic reac-
tions in solutions have been transplanted to the surface in recent
years. Due to its unique reaction environment and ultra-high vac-
uum (UHV) conditions, surface synthesis has shown unprecedented
advantages in preparing functionalized low dimensional nanostruc-
tures. Through the development of surface synthesis methods, re-
searchers have successfully synthesized new carbon-based nanos-
tructures represented by graphene nanoribbons and organic frame-
work, which have enormous potential application value in elec-
tronic devices and other fields.

In ordered 2D structures synthesized on the surface, the self-
assembly is a phenomenon in which monomers spontaneously rec-
ognize and assemble to form specific geometric structures un-
der intermolecular interactions, including van der Waals forces,
hydrogen bonds, and other non-covalent bond forces. The size
of self-assembled structures can be in the order of micrometers
or even millimeters. Lobo-Checa et al. prepared Cu-coordinated
TPyB metal-organic network on Cu(111) surface (Figs. 37a-c) and
studied the modification of the surface electrons by the inter-
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Fig. 36. The structure and electronic properties of 2D Zn-Pc Lieb lattice. (a) Crystal structure of MPc, where the corner and edge-center units are highlighted in the enlarged
orange and blue rectangles, respectively. (b) Band structure of ZnPc Lieb lattice. The blue and red circles show the different orbital contribution to the bands around the
Fermi level. (c) Topological phase transition as a function of biaxial strain. (d) Band structure of Zn-Pc under 6% compressive strain. Reproduced with permission [257].

Copyright 2020, American Chemical Society.
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Fig. 37. Topographic characterization of ordered 2D Organic Framework. (a) High-resolution STM image of the single domain Cu-coordinated TPyB-Cu hexagonal QD array
grown on Cu(111). The inset shows the precursor molecule. (b) Enlargement into the hexagonal porous structure with a superimposed structural model. (c¢) LEED pattern of
TPyB-Cu network [277]. (d) STM overview image of a DCA;Cu, MOF on G/Ir(111) surface. (e) High-resolution STM image and DFT-simulated STM image of DCA;Cu, MOF
[278]. (f) Hydrogen-bond network of 2N-S7 on Au(111). (g) Molecular models of 2N-S7 network on Au(111) [279]. Reproduced with permission [277-279]. Copyright 2019,

American Physical Society; Copyright 2021, CC-BY 4.0; Copyright 2022, CC-BY 4.0.

action [277]. In 2021, Liljeroth et al. fabricated a 2D monolayer
Cu-dicyanoanthracene MOF with long-range order on epitaxial
graphene surface [278]. The ordered DCA3Cu, network shows a
structure combining a honeycomb lattice of Cu atoms with a
Kagome lattice of DCA molecules and is predicted to be a 2D topo-
logical insulator (Figs. 37d and e). Yu et al. reported hydrogen-
bonded molecular networks with tunable helical conformation on
metal surfaces (Figs. 37f and g) [279]. Their results provide a dis-
tinctive access to molecular architecture with tunable helical con-
formation driven by H-bond interaction on surfaces.

4.4.2. Observation of flat bands using ARPES

As previously mentioned, flat bands, dispersionless in the whole
Brillouin zone, have attracted extensive attention since it can be an
ideal playground to study strong correlation physics [280]. Many
2D organic frameworks exhibit nontrivial topological states in both
a Dirac band and a flat band [281]. In recent years, the band
structure of organic systems has been characterized by ARPES
[282,283], and this method has also been proved to be suitable
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for mesoscale 2D organic frameworks. Lobo-Checa et al. formed a
long-range ordered mixed honeycomb-Kagome lattice on Cu(111)
(Fig. 38a), which is predicted to be an organic topological insulator
[284]. Kagome multi-band was experimentally determined through
ARPES (Fig. 38b). Because of the interface interaction between sub-
strate surface and 2D organic framework, it can be obviously ob-
served from ARPES that FB inevitably overlaps with many disper-
sive bands from other atomic layers.

A recent experiment has successfully grown ordered 2D -
conjugated polymer Kagome lattices on Au(111), as shown in
Fig. 38d, where Dirac bands can be clearly observed [153].
However, the FB, which was supposed to be presented with a
Kagome sublattice, cannot be directly observed because it is lo-
cated ~1.0 eV above Fermi level. In 2023, Pan et al. reported the
growth of a self-assembled monolayer of 2D HOFs of 1,3,5-tris(4-
hydroxyphenyl)benzene (THPB) on Au(111) [285]. High-resolution
STM shows mesoscale, highly ordered, and uniform THPB-HOF do-
mains (Fig. 38e), while ARPES highlights a FB over the whole Bril-
louin zone (Figs. 38f-h). More interesting, two dispersive bands
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Fig. 38. 2D organic framework and its band structure. (a) STM image of DCA metal-organic network on Cu(111) surface. (b) Band structure of DCA-Cu network [284]. (c) STM
image of PTANG on Au(111). (d) ARPES data for P*TANG/Au(111) measured with photon energies of 30 eV [153]. (e) Large-scale topographic STM image of THPB/Au(111).
(f) ARPES spectra and the second-derivative plot from a 0.5 ML THPB film. (g) Constant-energy contour and the energy distribution curves. The yellow dashed lines indicate
the line cut taken for ARPES measurements in (h). (h) High-resolution ARPES and second-derivative plot [285]. (i) (left) The optimized lattice structure ovelaid with partial
charge density derived from the top three valence bands belonging to the breathing-Kagome lattice formed by CBRs of THPB molecules. The brown/orange, red and pink balls
represent C, O and H atoms, respectively. (Right) The fit of the top three valence DFT-LDA bands by the TB breathing-Kagome lattice model (red-dotted lines) and Wanner
bases (cyan-dotted lines) [285]. Reproduced with permission [153,284,285]. Copyright 2020, Springer Nature; Copyright 2021, CC-BY-NC 4.0; Copyright 2023, American

Physical Society.

appearing with the FB band, are separated with a gap at the K
point instead of jointed, which indicates an effective “breathing”
Kagome lattice. Further DFT calculation and dI/dV image show the
THPB-HOF is a breathing-Kagome band structure with a highly de-
gree of breathing of electronic hopping but without a breathing
atomic structure, due to the intra-THBP corner benzene ring (CBR)-
CBR hopping (tc in Fig. 38i) via covalent bonds is much stronger
than the inter-THBP CBR-CBR hopping (ty in Fig. 38i) via H-bonds,
even though the measured intra-THBP CBR-CBR distance (dc =74
A) is about the same as the inter-THBP CBR-CBR distance (dy =7.2
A). Additionally, this result also indicates that the advantage of
H-bonds which are weaker but more flexible than the organo-
metallic and covalent bonds, can be used to assemble large-scale
monolayer structures with high uniformity. This finding demon-
strates that self-assembly of HOFs provides a viable approach for
synthesis of 2D organic topological materials, paving the way to
explore many-body quantum states of topological FBs.

Beyond the quantum Hall effect that we have discussed, high-
order topological phases have also been predicted in organic topo-
logical insulators. The OTIs have advantages of long spin coherence
time and high tunability in structures, which may stimulate new
physics if combining with nontrivial topological properties. It is
worth to mention that Pan et al. observed topological flat band in
hydrogen-bond organic framework [285]. Although some promis-
ing MOFs have been successfully synthesized in experiments. The
evidence of topological characters, such as nontrivial topological
edge states and quantized conductivity has yet not to be observed.
In the future, efforts could be devoted to the growth of high-
quality samples and measurement of topological properties. Going
beyond, other intriguing quantum states related to electron-hole
coupling such as superconductivity and charge density wave are
remained to be explored.

5. Tip enhanced spectroscopy

STM not only can provide atomically resolved images of nanos-
tructure in real space, but also is capable of manipulating single
atoms or molecules at atomic scale, which make it a powerful
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tool for nanoscience research [286-292]. In order to further im-
prove the chemical sensitivity of STM systems and enable the in-
vestigations on single-molecule optoelectronics, the STM system is
combined with optical detections, which give birth to tip-enhanced
spectroscopy techniques. Three types of tip-enhanced spectroscopy
techniques are widely adopted, namely, STM induced luminescence
(STML), tip-enhanced photoluminescence (TEPL) and tip-enhanced
Raman scattering (TERS). In the following sections, we will focus
on the experimental setup and theoretical background of these
three techniques as well as associated typical scientific progresses.
Note that, due to the limitation of article length, we will focus
on the tip-enhanced spectroscopy techniques developed based on
UHV and low-temperature (LT) STM systems, which can offer sub-
nanometer or even atomic resolution of optical imaging.

5.1. Description on the experimental setup for optical detection

The guideline for the instrumental design of photon collection
units in tip-enhanced spectroscopy techniques is to achieve a col-
lection angle as large as possible and also to enable convenient op-
eration on optical alignment. While the LT-UHV-STM system is an
important platform for the investigation of single-molecule opto-
electronics, the optical objective that is widely used in light col-
lection in ambient conditions cannot be directly applied to a LT-
UHV-STM system. This is because of two reasons: (1) There is no
available commercial objective designed for both UHV and variable
temperature (4~420 K, i.e., liquid helium temperature to system
baking temperature) conditions; and (2) it is very challenging to
place a commercial objective in the space-limited scanning stage
and align the associated optical components inside a UHV cham-
ber. In this way, how to design UHV-compatible light collection
system is crucial for the realization of LT-UHV-STM system based
tip-enhanced spectroscopy.

To overcome the above difficulties, as shown in Fig. 39, three
types of setups are utilized to realize the light collection: parabolic
mirror configuration, optical fiber configuration, and double-lens
configuration [293-295]. For the parabolic mirror and the double-
lens configurations, the light emission from the STM junction is
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Fig. 39. Schematic of three types of photon collection setups. (a) Parabolic mirror

configuration [293]. (b) Optical fiber configuration [294]. (c) Double-lens configura-
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first converted to parallel rays via the mirror or the lens, which
can then pass through the UHV viewport to the optics outside the
UHV chamber. For the fiber configuration, the light emission is di-
rectly collected via the optical fiber, which is then connected to the
spectrometer outside the UHV chamber.

Researchers use the photon collection system with parabolic
mirror configuration to investigate the plasmonic emission from
metallic surfaces [296,297], metal clusters [293], as well as quan-
tum dots on metal surfaces [298]. Such a geometry is advantageous
in the absence of chromatic aberration as well as a large collected
solid angle (with a resultant large collection efficiency, e.g., ~60%)
that is ideal to ensure efficient detection of photons. Nevertheless,
the precise adjustment for an optimal focus is relatively difficult.

An alternative way to collect the photons emitted from the
STM junction is feeding the light into optical fibers, which are po-
sitioned in close proximity to the junction. Such a configuration
has been adopted to study the light emission spectra from semi-
conductor surfaces [299] and orbital symmetries of surface states
[300]. Nevertheless, in this configuration, the collected solid angle
is limited and the optimal positioning the fiber with respect to the
STM tip is quite difficult.

Double-lens configuration can provide suitable hemisphere cov-
erage of solid angles (e.g., corresponding to a typical collection ef-
ficiency of 10%-20%) with the technical advantage of simple align-
ment [295,301,302]. Thus, such a configuration becomes a popular
choose for the development of tip-enhanced spectroscopy in UHV
conditions, which is widely used to investigate the optoelectronic
properties of molecules[303] and two-dimensional materials [304].

The selection of photo detectors is also crucial for the efficient
optical detection. As detailed in previous literatures [303,305],
avalanche photo detectors (APDs) and charge-coupler devices
(CCDs) are usually used in various modes of tip-enhanced spec-
troscopy measurements. An APD possesses single-photon sensitiv-
ity, a fast response in tens of picosecond and a high quantum effi-
ciency in visible-light range, which is usually used in the measure-
ments such as photon maps, excitation voltage sweeps, and photon
correlation measurements. On the other hand, a CCD is an elec-
tronic sensor that converts light to digital signals and can act as
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a camera to record optical spectra in combination with a spectro-
graph.

5.2. Descriptions on the microscopic process

In this section, we will briefly introduce the microscopic pro-
cesses for different tip-enhanced spectroscopy techniques.

STML, which marries STM with electroluminescence measure-
ments, relies on a two-step excitation process. As shown in Fig. 40a
and c, charge carriers are first injected from the metal electrodes to
the sample, generating localized electronic excitations that subse-
quently undergo radiative recombination to produce luminescence.
Therefore, the STML intensity is closely related to the quantum
efficiency for the radiation process 1 = I';3q/I'tor, Where I';,q and
It are the radiative rate and total decay rate, respectively [306].
To achieve intense electroluminescence in an STM junction, specific
conditions must be satisfied: (1) the quantum emitters should be
electronically decoupled from the metal substrate to avoid fluores-
cence quenching; (2) energy levels of the emitter should lie within
the bias window spanned by the Fermi levels of the tip and sub-
strate to allow carrier injection and subsequent exciton generation;
and (3) carrier injection rates and lifetimes of molecular excited
states should be balanced for efficient exciton generation. Since
the lateral resolution of conventional STM can reach ~1 A due to
the quantum tunneling effect [307], the dye molecule is excited
via highly localized tunneling electrons. The radiation process is
significantly enhanced due to effective plasmon-exciton couplings
under appropriate plasmonic resonance conditions. Note that, the
dye molecule in STM junction is very close to the metal electrodes,
which can introduce pronounced non-radiative energy dissipation
and resultant fluorescence quenching (i.e., causing 1 to approach
zero). Nevertheless, thanks to the effective plasmon-exciton cou-
pling, the strong plasmonic enhancement on the radiative process
can surpass the non-radiative dissipation and “quench” the fluores-
cence quenching [308].

On the other hand, by illuminating the STM junction with laser
beams, the optical response properties of the sample can be ob-
tained using TEPL and TERS techniques. The incident light is con-
fined in the nanocavity formed by the tip and substrate due to
the plasmon resonance effect [309] and lightning-rode effect [310]
generating a strongly enhanced and spatially confined local elec-
tromagnetic fields near the tip apex. The localized plasmonic field
in STM junction is not only important for the enhancement of the
weak signals from single emitters, but also crucial for achieving



X. Li, Z. Xu, D. Bu et al.

Chinese Chemical Letters 36 (2025) 110100

Fig. 41. (a) Electronic decoupling by a thin Al,05 film on the NiAl(110) surface [316]. (b) Electronic decoupling by organic multilayer on metal surface [317]. (c) Electronic
decoupling by a thin NaCl film on a metal surface [318]. Reproduced with permission [316-318]. Copyright 2003, American Association for the Advancement of Science;

Copyright 2004, 2005, American Physical Society.

sub-molecular spatial resolution. Usually, the local field enhance-
ment can be roughly estimated through the equation |Ej.|/|Ejnc| &~
(2R +d)/d, where R is the radius of tip apex and d is the gap dis-
tance. The lateral spatial confinement of the can thus be approxi-
mated from +/Rd, especially when R>>d. Therefore, by decreasing
the tip radius (R) and the gap distance (d), an exceptionally local-
ized electromagnetic field can be generated, pushing the resolution
of TEPL and TERS to the Angstrom scale. The plasmonic enhance-
ment for the radiation process of the TEPL and TERS is reflected
in the enhancement on the quantum efficiency (1) and the electric
field (|Eiocl|®/|Eo|?). Therefore, the associated enhancement factors
can be approximately expressed as (|ELOC|/|E0|)2 x n for TEPL and
(|Erocl/ |E0|)4 for TERS, respectively. As a result, the optical signals
from a single molecule, either it is excited by the electrons or pho-
tons, can be detected with high sensitivities owing to the dramat-
ically enhanced and strongly confined local plasmonic field within
the STM junction.

5.3. Scanning tunneling microscope induced luminescence

STML technique combines tunneling electron excitation with
the local plasmonic enhancement of luminescence and offers a
unique platform for the real-space investigation on the opto-
electronic properties of nanostructures at nanoscale. One of the
very original intentions of developing the STML technique is to
achieve nanoscale electrically-driven photon sources [38,311], such
as single-molecule photon sources.

In the beginning, lots of studies investigated the luminescence
from molecules directly adsorbed on metallic surfaces. Neverthe-
less, these luminescence intensities were later found to be orig-
inated from plasmonic emission mediated by local density of
molecular electronic states, rather than the intrinsic electronic
transition from molecular electronic states [312-315], because the
molecular emission is quenched due to the electron transfer be-
tween the molecule and the substrate.

In order to blocks the electron transfer between the chro-
mophore and the substrate and realize the light emission from
the intrinsic molecular electronic transition, two electronic decou-
pling strategies have been employed. The most widely used strat-
egy is to physically introduce an insulating spacer between the
molecule and metal substrate, e.g., oxides [316], molecular mul-
tilayers [317], and halides [318], as shown in Fig. 41. In 2003,
Qiu and co-workers first investigated electroluminescence from in-
dividual Zn(II)-etioporphyrin I molecules adsorbed on an ultra-
thin alumina film grown on a NiAl(110) surface and achieved
the vibrationally resolved fluorescence from charged molecular
states (Fig. 41a) [316]. In 2004, Dong and co-workers demonstrated
the molecular fluorescence associated with intrinsic HOMO-LUMO
transitions from multi-monolayer porphyrin molecules (Fig. 41b)
[317]. In 2005, Cavar and co-workers showed electro-fluorescence
and phosphorescence from fullerene molecular nanocrystals grown
on ultrathin sodium chloride (NaCl) layers (Fig. 41c) [318].

The other strategy is to chemically modify the Iuminescent
molecule by adding spacer groups to the chromophores [319,320].
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As shown in Fig. 42a, such an electronic self-decoupling effect
has been demonstrated by chemically adding tripodal anchors to
the porphyrin chromophore [321]. The rigid tripodal anchor not
only serves as a decoupling spacer but also controls the orienta-
tion of the chromophore molecule. Tetrapodal perylene molecules
were later synthesized and studied, as shown in Fig. 42b, which
can realize the self-decoupling effect regardless of the molecu-
lar adsorption configuration and can better align the transition
dipole of the emitters along the vertical direction that would favor
strong plasmonic enhancement [322]. On the other hand, molecu-
lar wires containing emitting chromophores were synthesized on
surface and suspended between the STM tip and the substrate,
as shown in Fig. 42c. The chromophores can be electronically de-
coupled from the substrate by progressively lifting the molecule
wire, which can then produce molecule fluorescence with a nar-
row spectra linewidth down to ~2.5 meV [323].

Another key issue to realize the molecular electroluminescence
in a STM junction is the energy matching between the nanocav-
ity plasmon mode and the molecular intrinsic fluorescence. Since
the size of the STM junction (e.g., 1-2 nm) is much smaller than
the light wavelength in visible range, nanocavity plasmons become
the necessary “mediator” that can couple the molecular exciton
to the far-field photons. Indeed, the presence of appreciable plas-
monic fields inside the STM junction is found crucial for the gener-
ation of molecular fluorescence. In other word, by tuning the cav-
ity plasmonic mode to be “bright” or “dark,” defined by the photon
emitting ability of the tip on a metal surface, the molecular elec-
troluminescence in STM junction is found to be switched “on” or
“off” correspondingly [324]. In addition, by spectrally tuning the
frequency of plasmon modes and associated energy matching, not
only can the molecular fluorescence band be selectively enhanced,
but also the hot electroluminescence from highly excited vibronic
states is generated [325]. Therefore, the efficient electronic decou-
pling and energy-matching plasmonic enhancement are the two
key issues to achieve pronounced molecular electroluminescence
with the STML technique.

STM induced electroluminescence from single molecules can
help to explore optoelectronic phenomena occurring at the single-
molecule level. In 2010, Chen and co-worker first demonstrate sub-
molecular resolved electroluminescence imaging of a charged sin-
gle magnesium porphine molecule [326]. The patterns in photon
imaging are resolved as two orthogonal vibronic transitions, whose
transition probabilities are dominated by the symmetry of the po-
sitions of the STM tip and the molecular transition dipole.

The ability of STML technique to resolve sub-molecular optical
feature of a single molecule can help to study the intermolecu-
lar dipole—dipole interactions in real space. In 2016, Zhang and
co-workers used sub-nanometer resolved fluorescence imaging to
map the spatial distribution of different energy states due to the
excitonic coupling [327]. The observed patterns for excitons of dif-
ferent states in a dimer indicate that the behavior of the coher-
ent dipole-dipole coupling well resembles the o and 7 orbitals in
a molecule, as shown in Fig. 43a, revealing the local optical re-
sponses and their correlations with transition dipole orientations
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Fig. 42. (a) Schematic configuration of the porphyrin molecule with tripodal anchors [321]. (b) Schematic configuration of the tetrapodal perylene molecules [322]. (c)
Schematic configuration of synthesized molecular wires containing chromophore molecule [323]. Reproduced with permission [321-323]. Copyright 2013, American Chemical
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Fig. 43. (a) Visualizing coherent intermolecular dipole-dipole coupling in real space [327]. (b) Single-photon superradiance from constructed nonbonded phthalocyanine
molecular chains [328]. Reproduced with permission [327,328]. Copyright 2016, Springer Nature; Copyright 2019, American Physical Society.

and phase relations. Furthermore, in 2019, Luo and co-workers
investigated the emission behaviors of single-photon superradi-
ant states from constructed nonbonded phthalocyanine molecu-
lar chains, as shown in Fig. 43b. Dumbbell-like patterns in sub-
nanometer resolved fluorescence imaging directly reveal the co-
herent nature of the coupling associated with superradiant states
and second-order photon correlation measurements demonstrate
single-photon emission. The nanocavity plasmon is found to have
a negligible effect on the intrinsic coherence established by the
intermolecular dipole-dipole coupling, but it dramatically modi-
fies the superradiance behavior, specifically on linewidth narrow-
ing and intensity evolution [328].

STML technique is also used in the real-space investigation on
intermolecular energy transfer at single-molecule level. In 2016,
Imada and co-workers demonstrated the energy transfer in het-
erogeneous molecular dimers in real space [329], as shown in
Fig. 44a. A reciprocating resonance energy transfer is observed
when exciting the highly-lying electronic state of the accep-
tor molecule, which results in backward energy transfer to the
first excited electronic state of the donor and final funnelling
to the first excited electronic state of the acceptor. In 2021,
Cao and co-workers explored the energy funnelling behaviors
within donor—intermediate—acceptor multichromophoric architec-
tures assembled on a surface. The role of intermediate molecules
was studied in promoting, blocking or directing resonant energy
transfer processes [330], as shown in Fig. 44b. In 2022, Kong and
co-workers demonstrated incoherent-to-coherent transition in the
energy transfer process in real space by constructing well-defined
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donor-acceptor model systems with controlled separations [331],
as shown in Fig. 44c. Spatially resolved fluorescence imaging helps
to reveal the occurrence of wavelike quantum-coherent energy
transfer, which is found to be dipole-orientation dependent. Fur-
thermore, the coherent energy transfer is about 3 times more ef-
ficient than the incoherent transfer in a one-step transfer process,
highlighting its advantage in the transfer process in large molecu-
lar networks.

5.4. Tip-enhanced photoluminescence

The push for higher spatial resolution has always been one of
the main driving goals for the development of near-field optical
microscopy ever since its birth. The first target is to overcome
the diffraction limit in far-field microscopy. Due to wave nature of
light, best achievable spatial resolution in far-field optical micro-
scope is about A/2 (A is the wavelength of light) because of diffrac-
tion. In 1928, E. H. Synge proposed an idea of using a small sub-
wavelength aperture to scan over a sample placed in close proxim-
ity for nano-imaging [332], although it is not technically possible
at that time. The advent of STM in the early 1980s provides the
necessary micro-positioning technology for Synge’s original idea,
which facilitates the invention of the scanning near-field optical
microscope (SNOM) later. In 1984, both Pohl et al. from IBM and
Lewis et al. from Cornell University separately developed metal-
coated tapered fiber probes with a small hole at the apex of the
probe and invented the aperture SNOM [333,334], which enables
the spatial resolution of about 20—50 nm that is far beyond the
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diffraction limit in visible light range. Since then, the field of near-
field optics started to flourish. In 1993, Betzig and Chichester op-
timized the aperture SNOM system, improved the sensitivity to
single-molecule level, and achieved the detection of the orienta-
tion of each molecular dipole [37]. Note that, parallel to the de-
velopment of aperture SNOM, another type of SNOM, apertureless
SNOM, also gradually becomes popular, in which a sharp and aper-
tureless probe is used as either a scattering center or a light source
[335], as shown in Fig. 45.

The spatial resolution achieved with aperture SNOM is gener-
ally limited by the dimensions of the aperture employed, while
the spatial resolution with the apertureless SNOM is usually deter-
mined by the curvature radius of the tip apex. To pursuit for even
higher spatial resolution, researchers further modify the tip with
plasmonic nanostructures and combine the SNOM with the local-
ized surface plasmons, which can evidently compress the mode
volume of light and extract local optical responses.

In 2004, Frey and co-workers used a “tip-on-aperture” SNOM
probe, consisting of a sharp Aluminum tip mounted on a conven-
tional fiber probe, to collect the fluorescence from dyes bound to
the end of DNA [336], as shown in Fig. 46a. The spatial resolu-
tion is about 10 nm and the orientation of dyes can be distin-
guished. In 2006, Anger and co-workers attached a gold nanopar-
ticle with a diameter of ~80 nm to the end of a pointed opti-
cal fiber probe, and presented the theoretical and experimental
studies on the fluorescence enhancement and quenching of a sin-
gle molecule as a function of the distance to the laser-irradiated
gold nanoparticle [337], as shown in Fig. 46b. By varying the dis-

tance between molecule and gold particle, the authors demon-
strated the continuous evolution from fluorescence enhancement
to fluorescence quenching. With the distance decreases, the en-
hanced local field leads to the excitation enhancement whereas the
boosted nonradiative energy transfer to the gold particle results
in the decrease of the quantum yield and associated fluorescence
quenching. The maximum fluorescence enhancement is obtained
at a molecule—particle distance of ~5 nm, yielding a correspond-
ing spatial resolution of ~65 nm. In the same year, Kuhn and co-
workers fabricated a uncoated heat-pulled fiber tip attached by a
single gold nanoparticle (diameter 100 nm) and studied the cou-
pling between a single molecule and a single gold nanoparticle
[338], as shown in Fig. 46¢c. The molecular fluorescence intensity
is enhanced by ~20 times and the excited state lifetime is simul-
taneously shorten by 20-fold. The spatial resolution of the near-
field image is about 65 nm, which is evidently improved, compared
with the typical confocal fluorescence image. In 2012, Hoppener
and co-workers fabricated gold nanoparticle dimer or trimer an-
tenna structures on fiber tips and demonstrated the cascading en-
hancement effect of local fields [339]. The authors first used a self-
similar dimer antenna consisting of 80 and 40 nm gold nanoparti-
cles and achieved a fluorescence enhancement of ~20 times and a
near-field spatial resolution of ~25 nm. When changing to a trimer
antenna consisting of 80, 40, and 20 nm gold nanoparticles, the
fluorescence enhancement reached up to ~40 times and the spa-
tial resolution is improved to 15 nm.

Despite of these above progresses, the lateral resolution for
photoluminescence from typical plasmonic cavities reported was
still around 10 nm. The further improvement in spatial resolu-
tion is limited by the competition between the field enhancement
and the fluorescence quenching when the plasmonic structure is
positioned in close proximity to the emitter. In 2020, Yang and
co-workers overcome the above difficulty and demonstrated sub-
nanometer-resolved single-molecule near-field photoluminescence
imaging [308], as shown in Fig. 47. Three key elements have been
identified to contribute to this achievement: (1) the tip should
be plasmon-active with its tip apex featuring an atomistic pro-
trusion, (2) the single molecule should be electronically decoupled
from a plasmonic substrate through a dielectric spacer of atomic-
scale thickness, and (3) the junction geometry should be precisely
controlled in three dimensions with sub-nanometer precision. All
these aspects allow to generate a strong and highly confined NCP
field for the massive excitation and emission enhancement. With
such junction design and control, the molecular fluorescence is
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found to exhibit a monotonically enhancing behavior, rather than
becoming quenched, as the tip approaches the molecule to the
point of contact. The spatially and spectrally resolved spectroscopic
imaging with sub-nanometer resolution can provide quantitative
information about the interactions and mechanisms in coupled
plasmon—molecule systems beyond the single-molecule level.

5.5. Tip-enhanced Raman spectroscopy

Tip-enhanced Raman spectroscopy (TERS) is a powerful spectro-
scopic microscopy technique that combines SPM with Raman spec-
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troscopy [340-344]. This technique primarily exploits the localized
field enhancement at the metal tip or in the plasmonic nanocav-
ities to detect Raman scattering signals from the local chemical
groups of the molecules. Comparing with the Raman signal of sin-
gle molecules obtained with conventional far-field measurement,
the enhancement factor obtained with TERS technique can gener-
ally reach as high as ~10°-1012 [345]. The enhancement mecha-
nisms of TERS can be categorized into two kinds: the physical en-
hancement and the chemical enhancement. The physical enhance-
ment effect results from the local electromagnetic field enhance-
ment due to the surface plasmonic resonance, and the enhance-
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ment of TERS signal is proportional to the fourth power of the lo-
cal field enhancement [306,346,347], reaching about 106-108. The
chemical enhancement effect is caused by the interactions be-
tween the molecule and the metal surface, which involves three
kinds of microscopic processes [348]: the redistribution of elec-
tron cloud of the molecule when it is adsorbed on the metal sur-
face [349], the formation of molecule-metal complex through the
strong chemical interaction between the molecule and the sub-
strate [350], and the photo-induced charge transfer process when
the excitation light energy is close to the energy difference be-
tween the LUMO (or HOMO) orbitals of the molecule and the
Fermi level of the metal [351]. All these three processes can signif-
icantly change the polarizability of the molecules and result in the
chemical enhancement with the magnitude generally in the order
of 10-100.

In 2000, four different research groups, Zenobi [352], Anderson
[353], Kawata [354], and Pettinger [355], independently developed
the TERS technique, opening up a new era of spectro-microscopy
technology for the exploration of nanoscale materials and struc-
tures. In 2003, the Novotny group first achieved the TERS imag-
ing of a single-walled carbon nanotube for the G’ band vibrational
mode under ambient conditions. The TERS experiments showed a
spatial resolution of 25 nm, which exceeded the resolution of si-
multaneously collected AFM images [356]. In 2008, the Pettinger
group developed a TERS system under UHV conditions and ob-
tained the TERS imaging of a single BCB dye molecule adsorbed
on Au substrate with a resolution of 15 nm [357]. In 2009, the
Kawata group used an AFM tip to apply controlled pressures to
carbon nanotubes and adenine nanocrystals, and achieved a spatial
resolution of 4 nm by analyzing the spectral shifts of characteristic
Raman peaks [358].

The spatial resolution of TERS imaging relies on the confine-
ment of the plasmonic field, which is very sensitive to the sta-
bility of the STM system. In 2013, Dong group further developed
a TERS system that is based on a UHV-LT-STM system, which
significantly improves the stability of the junction and the con-
trol over of tip—molecule distances. They demonstrated a sub-
nanometer resolution (0.5 nm) of TERS imaging over a single por-
phyrin molecule for the first time [40], as shown in Fig. 48a. With
such a high spatial resolution of the developed TERS technology,
they can achieve the chemical identification of adjacent different
porphyrin molecules adsorbed on the surface, and even distinguish
the adsorption configurations of the adsorbed molecules [359], as
shown in Fig. 48b. In 2016, Van Duyne group used TERS spectra
to investigate two distinct adsorption configurations of porphyrin
molecules on a Cu(111) surface under room temperature and UHV
conditions. As shown in Fig. 48c, the spatial resolution of ~0.26
nm was achieved through the line scanning analysis of charac-
teristic vibrational modes [360]. In 2019, Jiang group also devel-
oped single-molecule TERS techniques based on UHV-LT-STM sys-
tem and investigated different adsorption configurations of rho-
damine molecules on an Ag(100) surface, achieving a spatial res-
olution of 0.5 nm [361], as shown in Fig. 48d.

The spatial resolution of TERS can be further improved to
single-chemical-bond level. In 2019, two different research groups
(Apkarrian group [362] and Dong group [363]) independently de-
veloped the Angstrém-resolved TERS technique based on UHV-LT-
STM systems operated at the liquid-helium temperatures (below
10 K). As shown in Fig. 49a, Apkarian group demonstrated the
TERS imaging of a single CoTPP molecule on the Cu(111) surface
with a spatial resolution of 1.67 A, showing different features in
spatial distributions for different vibrational modes. As shown in
Fig. 49b, Dong group demonstrated the full TERS imaging of dif-
ferent vibrational modes for a single porphine molecule adsorbed
on the Ag(100) surface with a spatial resolution of 1.5 A. Further-
more, they proposed a new methodology for the determination
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of single molecular chemical structures, named as Scanning Ra-
man Picoscopy (SRP), through a Lego-like building process from
the TERS images [363]. It is important to note that, such a single-
bond resolution of TERS can be not only showcased for planar
molecules lying flat on surfaces, but also applicable for the up-
standing molecules. As shown in Fig. 49¢, through the analysis of
the TERS spectra of individual melamine molecules vertically ad-
sorbed on a Cu(100) surface, one can not only specify two N-H
bonds at the top and other two N-H bonds at the bottom becom-
ing dehydrogenated upon chemisorption on Cu(100), but can also
track the breaking of one top N-H bond and the formation of a
new N-H bond on the cyanuric ring, resulting in the tautomeriza-
tion process through photon-induced hydrogen transfer [364]. In
2022, Dong group further applied the TERS technique to a verti-
cally adsorbed single carbon monoxide (CO) on the Cu(100) sub-
strate and investigated the tip-induced bond weakening, tilting and
hopping of the single CO molecule on surface [365], as shown in
Fig. 49d.

By combining the Angstrom-resolved TERS with STM and nc-
AFM, the structure and chemical heterogeneities of surface species
can be further in-situ identified, enabling to directly monitor
single-bond breaking and making processes inside a molecule un-
der the nanocavity plasmon field. As shown in Figs. 50a and b, the
joint STM-AFM-TERS strategy provides a comprehensive character-
ization of electronic states, skeleton structures and chemical vibra-
tions, giving an univocal determination of the heterogeneities of
molecules at the single-bond limit [366]. The intact pentacene (o)
on the Ag(110) surface undergoes sequential transformations into
two new species (8 and y) under plasmon fields. The AFM im-
age in Fig. 50c shows that the pentacene-o has two protrusions at
the central benzene ring, while the pentacene-f and pentacene-
y lose one and two protrusions, respectively. Such changes im-
ply the two C-H bonds at the central benzene ring have broken
sequentially. Optimized geometries of three pentacene species are
shown in Fig. 50e. Direct evidence for C-H bond breaking should
come from the changes of C-H vibrational modes. Fig. 50d records
the real-space changes of the C-H stretching mode at 2800-2900
cm~!, which shows two spots for pentacene-c«. The absence of one
and both spots for pentacene-f and pentacene-y confirms the C-H
bond breaking at the central benzene ring. In particular, it is found
the C-H bond breaking under plasmon field takes place quickly
within ~10 s. To capture such rapid changes, a high-speed TERS
method was developed by using a highly-sensitive avalanche pho-
todiode (APD) to collect the Raman photons, as shown in Fig. 50b.
This method with APD has the potential to capture nanosecond dy-
namics by recording the change of the Raman photons. Further-
more, the joint STM-AFM-TERS strategy can be used to determine
the intramolecular isotope effects [367]. As shown in Fig. 50f, by
comparing the TERS spectra and maps of pentacene-H and its fully
deuterated form pentacene-D, it can reveal that the isotopic effects
not only changes the frequencies of intrinsic vibration modes but
also alters the spatial distribution of various vibration modes in
real-space.

Moreover, the Angstrom-resolved TERS has also been widely
used for local chemical identification of electrochemical and 2D-
material studies. For example, Ren’s group reported a series
of studies on site-specific catalytic properties of bimetallic sys-
tems [368-370]. Recently, Jiang’s group revealed that the bilayer
borophene shows high oxidation resistance in contrast to highly
reactive borophene monolayers, as shown in Figs. 51a and b [371].
Wu's group analyzed the vibrational characteristics of various sil-
icene phases, as well as defects and domain boundaries, to gain a
comprehensive understanding of their structural properties [372].
Jorio’s group performed TERS spectroscopic imaging on the su-
perlattice in reconstructed twisted bilayer graphene and identified
strain solitons as well as topological points with the nuanced im-
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Fig. 48. (a) Sub-nanometer resolved TERS imaging for different vibrational modes of a porphyrin molecule on Ag(111) [40]. (b) TERS spectra acquired at different adjacent
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modes for porphyrin molecules with different adsorption configurations [360]. (d)

Multiple configurations of rhodamine molecules on Ag(100) surface and corresponding

TERS measurements [361]. Reproduced with permission [40,359-361]. Copyright 2013, 2015, Springer Nature; Copyright 2016, 2020, American Chemical Society.

pact of electron-phonon coupling on Raman intensity and peak
line width (Figs. 51c-f)) [373].

Therefore, tip-enhanced spectroscopy technique stands as a
formidable and versatile technique, enabling in-depth exploration
of optoelectronic properties and chemical structures of diverse sys-
tems at the atomic scale. Its remarkable ability to uncover minute
details makes it potential to study intricate surface interactions,
design novel materials and explore complex biological systems at
the atomic level. However, there still remain challenges for tip-
enhanced spectroscopy technique to become a routine analytical
technique, such as the tip stability, numerical aperture of the il-
lumination and collection optics, detection efficiency, Raman scat-
tering cross section and unavoidable far-field background in crys-
talline materials, which requires more advanced experimental se-
tups and techniques to be overcome [374].

6. Applying machine learning in studying surface-supported
molecules and nanostructures

As a subset of surface chemistry, on-surface molecular reac-
tion and assembly remain labor intensive and often require te-
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dious work to optimize the synthetic route and to analysis the
data. Traditional protocols of data acquisition and analysis heavily
rely on human inspection and inevitably suffer from subjectivity
and ambiguity. Machine learning (ML) technologies have recently
become one of the most exciting and promising tools in materials
science. In contrast to the traditional research paradigms, ML ap-
proaches excel at extracting important features, patterns or trends
from the data, and understanding the underlying relationship for
predictions and data generations [375-377]. The ML approaches
can make decisions for experimental planning and even automated
experiments [378-380]. Dirven by the exponential growth of com-
puting power and the rising existing data both from experiments
and computations, ML models can be trained more efficiently but
less time-consuming, leading to significant progress in important
subcategories including computer vision, deep learning and natu-
ral language processing.

ML methods have the potential to revolutionize chemical re-
searches because of its capability to process complex tasks and
make precise predictions. We have already witnessed a surge of in-
terest and investments from different fields of chemical researches.
There are a few recent reviews providing overview of the emerg-
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ing opportunities at the intersection of ML methods and scien-
tific areas, for instance, reviews highlight applying ML technolo-
gies in electron microscopy and SPM [381-383], using ML in ma-
terials properties prediction and data mining [384,385], leveraging
artificial intelligence in quantum, atomistic, and continuum sys-
tems [386]. Most recently, the combination of ML and robotics
has resulted in self-driven robotic chemist which aims to au-
tonomous materials discovery [387,388]. In this part of the review,
we will focus on the recent applications of ML methods in study-
ing nanoobjects of single molecules and atoms on surfaces. This
section will be divided into three pillars: (a) Detection and clas-
sification of molecular image, (b) Autonomous molecular imaging,
(c) autonomous atom/molecule manipulation and nanofabrication.
We hope to provide an overview of the recent developments of ML
in surface-supported nano-species and the associated characteriza-
tions, but also encourage more engagements in applying these ex-
citing tools in chemical researches.

6.1. Detection and classification of molecular image

The chemical and physical properties of molecules are de-
termined by the combination and arrangement of their consti-
tuting atomic species. Yet, there are very few techniques which
are able to resolve molecules down to single-molecule or even
atomic level. SPM is best known for the real-space imaging of re-
markable spatial resolution. The development of STM and AFM,
has been widely used for characterizing the structural and elec-
tronic/magnetic properties of nanomaterials and molecules with
unprecedented resolutions. Moreover, the widespread adoption of
commercialized SPMs has significantly contributed to advances
in the fields of surface self-assembly and on-surface synthesis
[59,232].

However, the data analysis of molecular images obtained by
high-resolution SPMs still heavily relies on human inspection,
which is often subjective and error-prone although labor-intensive.
ML techniques have been widely applied to deal with image and
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video tasks by extracting meaningful information. Using comput-
ers to derive intelligent understandings from data of images is also
called computer version, a multidisciplinary field broadly consid-
ered as a subset of artificial intelligence and machine learning.
Noteworthy, one should distinguish computer version from image
processing which mainly involves signal processing but is not con-
cerned with understanding the content of an image [389]. Typical
tasks of computer version include object detection (concerning the
position of objects in the image), object classification (the category
of the object), key points detection (the key points for the object),
object segmentation (pixels belong to the object) and image gen-
eration (style transfer or super resolution).

Recently, there have been increasing interest in applying ML
methods for the automated analysis of single molecules or atoms
from SPM images [390]. For instance, Ziatdinov and coauthors have
applied computer vision to recognize the adsorption geometries of
molecular assemblies on surfaces (Fig. 52a) [391]. Li et al. devel-
oped a deep learning framework based on computer vision for the
classification of molecules with different chirality (Fig. 52b) [392].
Subsequently, the work on image classification by ML allowing for
the recognition of the scanning tunneling tip states was demon-
strated (Fig. 52c¢) [393]. The detection of different molecules can
be used for the statistical analysis.

Although there are different models and algorithms for com-
puter vision tasks on molecular images, e.g., relying on the Zernike
moments of the template images [394]. Convolutional neural net-
works (CNN) based ML models represent the most commonly con-
sidered ones because of their high performances in computer vi-
sion tasks and the relatively low cost (a fraction of second with the
Faster RCNN algorithm). As displayed in Fig. 53, a general work-
flow for recognition of molecules in SPM images may consist of
five main modules [395]. Starting from standard experimental im-
age acquisition, the molecules of interest can be initially assessed
by unsupervised algorithms. The procedure of the assessment is
not necessary while still recommended, because it not only pro-
vides ideas on whether the target images are classifiable but also
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helps to pick out the ambiguous data for model training. To enrich
the dataset and improve the model performance, data augmenta-
tions are routinely applied. Then, the labeled data will be provided
to the ML model for training, and finally the well-trained model
which has a good performance and generalization will be used to
infer results. A notable CNN-based algorithm is Faster R-CNN for
its much-improved efficiency for pixelwise objection detection, i.e.,
semantic segmentation. Moreover, a further extension of the algo-
rithm, mask R-CNN allows for instance segmentation of images or
videos, i.e., outputting masks of pixelwise accuracy for each iden-
tified species.

Similar workflow can be applied to arbitrary goals of molecule
recognition. Yuan et al. developed a ML framework for molecu-
lar keypoint recognitions of STM images [396]. They employed the
YOLO algorithm and labelled molecules with their keypoints, i.e.,
the points track the molecular backbone. YOLO is a one-stage ob-
ject detector based on CNN, using a single neural network to pre-
dict the bounding boxes and the class probabilities for these boxes.
Therefore, it is faster and more efficient than the two-stage coun-
terparts like R-CNN which composes a first stage to identify re-
gions of interest and the second one for object classification in
each region. The authors used the YOLO model to predict the key-
points of molecules, as marked by the blue dots in Fig. 54a and
b. Consequently, structural properties like the symmetry of the
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molecules can be easily recognized through drawing the connec-
tions between the keypoints. Moreover, additional structural statis-
tics were obtained with the predicted keypoints. Another applica-
tion of this ML framework is to discover the lengths of polypheny-
lene chains fabricated from on-surface synthesis (Fig. 54c). This
automated analysis alleviates the conventional human inspections
which tend to be subject and error-prone.

In addition to inferring STM images of organic molecules,
ML model was applied to identify the Bravais lattice of two-
dimensional materials from the STM images [397]. Although the
ML model was built on simulated STM images, it correctly predicts
seven experimental images of two-dimensional materials out of
nine. High-resolution AFM images contain few electronic contrasts
but molecular bond information in contrast to STM images. Re-
cently, success has been shown in the identification of the atomic
structures of interfacial water/ionic hydrates by building ML mod-
els on high-resolution AFM images [398].

6.2. Autonomous molecular imaging

We have seen the successes achieved by using ML techniques
to infer molecules or atoms in real-space microscopic images. Yet,
constant manual supervisions are needed to achieve the required
high resolutions in experiments. This calls for fully automated SPM
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different oligomers can be recognized by the ML model [396]. Reproduced with
permission [396]. Copyright 2023, CC-BY 4.0.

which is able to perform routine operations such as approach-
ing/withdrawing the probe, conditioning the tip state and tun-
ing the scanning parameters, as well as achieve decision making
and experiment planning. To realize the fully automated SPMs in
molecular imaging, there have been increasing efforts towards this
direction in recent years [399-401].

One of the most tedious but routine work in acquiring high-
resolution SPM images lies in the tip conditions. The quality of
the SPM images crucially depends on the atomic-scale morphology
of the tip, and imaging artefacts like the “double-image” are fre-
quently produced with a blunt tip. It is also challenging to prepare
a perfect tip for performing STS since the electronic states from
the tip will be convoluted into the experimental spectra. Common
methods of tip conditioning consist of controlled tip indentation
into the sample, and applying voltage pulses across the tip and
sample. These processes typically need to be repeated a number
of times to improve the tip quality, and still the tip quality may
change from time to time depending on the imaging systems and
tasks, or tip itself. Therefore, early works on autonomous molec-
ular/atomic imaging targets at automated optimization of the tip
states [402,403]. In this context, Rashidi et al. employed ML ap-
proaches to automatically detect and recondition the quality of the
STM tip (Fig. 55a) [400]. The tip quality was assesses by evaluat-
ing images of silicon surfaces with known atomic defects though a
CNN trained ML model. The tip conditioning was performed in situ
by controlled tip indentation with the surface until a sharp tip as
verified by the ML model was achieved. This ML based method has
demonstrated its usefulness in the patterning of a binary atomic
wire on silicon surface, showing its prospect in atomic atomic-
precision nanofabrication.

Automated tip conditioning was also developed for STS, a tech-
nique that measures the differential conductance across the gap
between the sample and tip, directly accessing the local density of
states of the sample. Wang et al. demonstrated applying machine
learning models to identify the point STS spectra for making de-
cision on performing tip conditioning on clean surfaces (Fig. 55b)
[404]. They used 1789 labeled dI/dV spectra to train ML models
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which then evaluated the states of the tip from the spectroscopic
data. The quality of the tip is classified as five levels from grade
0 denoting good to grade 4 denoting bad. The tip of poor qual-
ity will be automatedly conditioned on a bare surface area that is
determined by a height-based segmentation algorithm of the topo-
graphic images.

The capability of vertical atomic and molecular manipulation
of SPM enables decorating at the tip apex with single atom or
molecule. Such tip functionalization allows for constructing artifi-
cial atomic/molecular lattices [406] as well as additional character-
izations such as magnetic property sensing [42,407] and force and
charge measurements at single-bond resolution [408,409]. There-
fore, it is desirable to achieve automated tip functionalization with
known molecules or atoms. Alldritt et al. have developed a soft-
ware package which is able to terminate the end of a STM/AFM
tip with a CO molecule [405]. The software package combines ML
models with automated software control of the experimental hard-
ware for tip functionalization. As indicated in Fig. 55c, it works by
the workflow of determining which molecules on a surface are car-
bon monoxide, controlling the tip position to perform procedures
of tip functionalization, and assessing the tip quality with a ML
model. The quality of CO functionalization is determined by solv-
ing a binary classification problem with the convolutional neural
network (CNN) model. After training with the labeled database, the
CNN model is used to evaluate the tip state by reviewing over im-
ages after tip changes.

The above-mentioned examples employing ML in molecular
imaging accomplish improved efficiency of data analysis or data
acquisition as well as the reduction of human operations. How-
ever, fully automated SPMs without human intervention were not
realized. The vast majority of the constructed ML models are suit-
able for specific tasks but difficult to implement for general use. To
realize self-driving autonomous SPM operation, an artificial intelli-
gence framework aiming for driving autonomous continuous SPM
data acquisition was demonstrated [401]. The framework named as
DeepSPM functions by intelligently selecting scanning region, driv-
ing the SPM for acquiring molecular images, image assessment and
making decision to store the image or modify the SPM parame-
ters (Fig. 56a). Then, it continuously proceeds with the next loop
iteration without the necessity of human intervention. The image
is first assessed by measuring apparent height distributions, and
then passed to a convolutional neural network for classification
of the tip quality. Notably, DeepSPM leverages the deep reinforce-
ment learning (RL) agent to condition the state of the probe, which
allows for optimizing the data acquisition by intelligent selection
of conditioning parameters for tip conditioning. In their tests, the
number of conditioning steps by the RL agent is ~28% smaller
than when the conditioning actions are selected randomly. Finally,
they demonstrated a continuous running time of 86 hours on a
low-temperature STM setup to image magnesium phthalocyanine
molecules on an Ag(100) surface. The scanning area covers over 1
pm2, a total of more than 16000 images were saved and regions
of different labels are shown in Fig. 56b. The implementation of
RL optimizes the tip preparation protocol in an unsupervised, self-
driven fashion. This opens the avenue to scalable atomically precise
nano-fabrication as will be reviewed in the following.

6.3. Autonomous atom/molecule manipulations and nanofabrication

Reinforcement learning (RL) can be used to optimize atomic-
scale manipulation, opening door to the constructions of complex
molecular/atomic structures and quantum materials. RL or deep RL
learns through trial-and-error by receiving positive and negative
feedbacks without the need of pre-labeled training data. Therefore,
one just needs to set the task to the ML model instead of spec-
ifying how to solve the task. For instance, Leinen et al. showed



X. Li, Z. Xu, D. Bu et al.

4 by CNN
2ss the tip guality

Patterning area

Terminate AFM tip
with CO molecule

Failure

Chinese Chemical Letters 36 (2025) 110100

o

dKav(au)

Assess quality of

functionalized tip
with neural network

Fig. 55. Applying ML in SPM tip conditioning. (a) STM image of a silicon surface showing different areas for tip shaping, quality assessment and building binary atomic wire
[400]. (b) Upper: STS spectra manually evaluated and assigned with different grades (from 0 to 4, meaning from poor to good). Lower: Importance of each data points on
the classification of STS curves using a random forest ML model. The blue STS curve is classified as grade 4 and presented as reference [404]. (c¢) Schematic flowchart of the
autonomous tip preparation procedure for functionalizing the SPM tip with CO [405]. Reproduced with permission [400,404,405]. Copyright 2018, 2021, American Chemical

Society; Copyright 2022, CC-BY 4.0.

a rcomrolsigna/s J—

b sample: m—

probe: wam —-— [——}

bad inferred bad bad conditioning good

Fig. 56. (a) Schematic of the autonomous Al-driven SPM framework (DeepSPM). The framework employs ML models to autonomously determine the imaging region and
acquire STM images, assess the image quality, and uses a deep reinforcement learning agent to condition the tip. (b) Example of long-term autonomous operation of
DeepSPM. The green blocks denote valid regions scanned with a good tip, the magenta blocks indicate bad regions due to roughness, the orange ones show bad tips
were detected, blue ones point to where tip-conditioning actions were performed, and gray regions suggest regions deemed bad [401]. Reproduced with permission [401].

Copyright 2020, CC-BY 4.0.

using RL approach in control of the SPM apparatus for removing
molecules autonomously off a metal surface from a supramolecular
structure [410]. Thanks to the self-adaptive nature through learn-
ing from new experiments, DL based manipulation intelligently se-
lects parameters for manipulation tasks resulting in improved per-
formance than manipulations with fixed parameters. The strategy
can be transferred to fabricate complex quantum nanomaterial.
Beyond lifting nanoobjects, Chen et al. employed deep rein-
forcement learning (DRL) to control the atom manipulation process
and built artificial atomic lattice [411]. In the task of atom manip-
ulation, the goal is to move an adatom to a target position, which
has been defined with a reward r¢(st, ar, St 1) (Fig. 57a). Here, s,
a; and s, denote state at time step ¢, action defined by policy 7
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and state at time step t+1, respectively. The agent sequentially per-
forms actions to alter the state s; of this environment, and the in-
formation of (s, a, rt, St,1) is used for training the DRL algorithm.
Here, the DRL agent learns to manipulate Ag adatoms on Ag(111)
surfaces with optimal precision. By further integrating with path-
planning algorithms, they have achieved autonomous construction
of an artificial kagome lattice composing 42-atom (Fig. 57b).
Additionally, RL approach has recently learned to control molec-
ular movement of a single polar molecule triggered by a STM tip
[412]. The investigated molecule possesses an intrinsic dipole mo-
ment, which allows for directional molecular manipulations via the
localized electric field generated across the STM tip-sample junc-
tion. In this work, the RL agent learns by analyzing the STM image
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and extracting the position and orientation of the molecule before
and after tip manipulation, those data representing the state infor-
mation fed to the RL model. Applying voltage pulses at different
tip positions around the center of the molecule for manipulation
denote actions. The reward is defined by the distance between the
molecule and the target destination after tip manipulation. Finally,
after model training with around half a day, the RL agent is able to
drive the molecule toward arbitrary positions and paths defined by
a path-planning algorithm. A relatively complex moving trajectory
resembling the shape of a fish was used to demonstrate the high
performance of the well-trained RL agent. Moreover, the decisions
made by the RL agent provide physical insight into the behaviors
of polar molecules under an electric field.

In principle, the RL algorithm could be applied to any goal
without a priori knowledge of the physical and chemical proper-
ties of the molecules or atoms. The combination of RL approach
and SPM techniques furnishes a highly promising strategy for con-
trollable molecular movements for applications such as molecular
machine and nanofabrication.

7. Summary

Surface chemistry has proved to be an effective approach to-
wards the preparation of numerous nanomaterials with appeal-
ing catalytic, electronic, magnetic and optical properties. Partic-
ularly, many materials are difficult to be obtained via the con-
ventional organic synthesis in solution phase due to limited sol-
ubility and high reactivity, but can be precisely fabricated via the
on-surface chemical synthesis with the atomic precision. Surface
chemistry has grown to be a key subject and lies at the heart
of an already significant range of researches covering fields such
as quantum information, microelectronics, catalysts, and materials
science.

It is highly challenging to fully obtain energy, time, and space
information with currently used characterization approaches. For
instance, acquiring non-planar molecular backbones using qplus
AFM is particularly difficult. The ultimate goal is the integration
of existing techniques and the creation of new methods to vi-
sualize and identify surface species at the femtosecond and sub-
angstrom scale. Meanwhile, most vacuum-based techniques are
unable to characterize surface properties and processes under real-
istic working conditions. To address this, new operando approaches
are needed for real catalysis reactions and functional electronic de-
vices. The combination of experimental techniques and artificial in-
telligence (AI) holds great promise for advancing the next genera-
tion of characterization methods.
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