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Abstract
Matter at the atomic-scale is inherently governed by the laws of quantum mechanics. This makes
charges and spins confined to individual atoms—and interactions among them—an invaluable
resource for fundamental research and quantum technologies alike. However, harnessing the
inherent ‘quantumness’ of atomic-scale objects requires that they can be precisely engineered and
addressed at the individual atomic level. Since its invention in the 1980s, scanning tunnelling
microscopy (STM) has repeatedly demonstrated the unrivalled ability to not only resolve but
manipulate matter at atomic length scales. Over the past decades, this has enabled the design and
investigation of bottom-up tailored nanostructures as reliable and reproducible platforms to study
designer quantum physics and chemistry, band topology, and collective phenomena. The vast
range of STM-based techniques and modes of operation, as well as their combination with
electromagnetic fields from the infrared to microwave spectral range, has even allowed for the
precise control of individual charge and spin degrees of freedom. This roadmap reviews the most
recent developments in the field of atomically-engineered quantum platforms and explores their
potential in future fundamental research and quantum technologies.
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Figure 1. Proposed platform for multimodal probes for various scanning measurements described in table 1. Probes can use
quantum materials, such as a graphene QD SET shown below the probe [8] (reprinted with the permission of AIP Publishing) or
nanofabricated sensors on chip [9]. Moreover, probes may utilize solid-state qubits [10] (reproduced with the permission of AIP
Publishing), quantum materials [7] (reproduced with permission from Springer Nature) or entangled atomic qubits [4]
(reprinted with permission from AAAS).

and experimental design have proven key in facilitating many of these developments. Incorporating these
advances into current MW/ESR-STM platforms represents a promising avenue to drastically enhance the
experimental capabilities of these instruments. Below, we discuss several promising research directions for
MW-STM, including those that have remained relatively unexplored with the technique thus far. We use this
discussion to motivate the incorporation of useful techniques and hardware from the circuit QED
community into the next generation of multimodal scanning probe instruments.

Beyond the atomic and molecular magnets on surfaces investigated by ESR-STM, a handful of other
solid-state qubit platforms currently exist, with more under development. Mature platforms include those
based on superconducting circuits or semiconductor quantum dots (QDs), while those based on non-abelian
anyons in topological superconducting systems and 2D electron gasses remain under active exploration [14].
All suffer from obstacles related to decoherence, addressability, and scalability. As most of these platforms
consist of mesoscale devices, little attention has been paid to their local, nanoscale properties and how these
properties influence qubit performance. MW-STM is well-suited to answer these questions as it can measure
at energy, time, and length scales [15] relevant to global qubit operation while addressing and manipulating
atomic scale structures. As an example, we discuss the transmon qubit [16], a superconducting qubit, which,
in a simplified picture, can be thought of as an LC oscillator with a Josephson junction constituting the
inductive element. The non-linear inductance of the Josephson junction creates an anharmonic energy level
spacing, allowing one to restrict the computational space to the two lowest energy levels. Transmons are a
leading qubit platform, with coherence times exceeding 0.6 ms [17] and two-qubit gate fidelities exceeding
99.5% [14]. Nonetheless, decoherence still limits the capabilities of these systems and open questions remain.
(I) Energy loss through coupling to fluctuating two-level systems (TLSs) has been identified as a significant
decoherence source. Despite this, to date, there is little nanoscale data showing how or where this
decoherence takes place. (II) Relatedly, Place et al [18] recently showed that transmons fabricated out of Ta
significantly outperformed similarly fabricated Nb qubits (a leader in superconducting qubits). A
comprehensive understanding of the relative contributions of intrinsic material properties, fabrication
details, and surface and interface properties is largely absent. (III) While developing different material
platforms for transmons has proved successful in improving qubit performance, almost all still rely on AlOx

tunnel junctions to provide the Josephson inductance. What nanoscale properties of these junctions make
them so useful? How do they contribute to decoherence? Can better alternatives be engineered?

One could imagine experiments where MW-STM is used to identify, characterize, and manipulate
nanoscale decoherence sources. This could be done using the atomically sharp tip as a direct current (DC)
perturbation, by selectively driving local TLSs, by chemically or structurally modifying individual atoms or
clusters of atoms, by engineering nanostructures that locally couple to circuit elements, etc. Notably, SPM
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Figure 2. An example of tip-induced chemistry. Dissociation of four Cl atoms from the precursor 1 adsorbed on bilayer NaCl on
Cu(111), results via 2 in the formation of three C18H8 structural isomers 3, 4 and 5, which can be selectively and reversibly
transformed into each other. All reactions are performed by tip-induced chemistry using voltage pulses, with the respective sample
voltages V indicated. The lower row shows CO-tip AFM data of each product. From [54]. Reprinted with permission from AAAS.

Figure 3. Approaches and objectives of tip-induced chemistry.

reactions. This is crucial for creating increasingly complex, custom-designed molecules and nanostructures
with designed properties, such as hosting high-spin ground states or topologically non-trivial states and
band structures. For the latter, structures made with on-surface synthesis by thermal activation might be
modified by tip-induced chemistry on a local scale. This has recently been demonstrated even in the 3rd
dimension by attaching atoms to an on-surface synthesised polymer, perpendicular to the surface [56]
(see section 6). Alternatively, complex structures can be built up entirely by tip-induced chemistry by
arranging and covalently fusing multiple molecules [52]. It will be important to advance the techniques of
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Figure 4. STM image of a copy of the original quantum corral [62] made of 48 Fe atoms on a Cu(111) surface. An additional
adatom is placed at a distance of 4.048 nm from the centre—close to a radial maximum of theΨ2,7 state and lifting the
degeneracy of the cos(7ϕ) and sin(7ϕ) states, leading to 14 azimuthal maxima according to sin2(7ϕ). From [63]. Reprinted with
permission from AAAS.

Figure 5. Central square (9 nm wide) within a 14 nm diameter quantum corral imaged at constant height by simultaneous STM
(tunnelling current, left) and AFM (frequency shift, right). The data is recorded with a CO terminated tip, thus the atoms of the
Cu(111) substrate appear as small maxima in A and as minima in B. C and D are low pass filtered versions of A and B, revealing
the electronic states of the quantum corral. The STM data shows only the contribution of the electrons at the Fermi level, shown
in blue in E. The AFM data shows the total charge density as plotted in F. From [63]. Reprinted with permission from AAAS.
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Figure 7. (A) Schematic drawing of memory bits using molecular networks under a tip of scanning tunnelling microscopy. (B)
Example of three states isomerization. (C) Test recording with molecular bits in ternary cord. Reproduced from [83], with
permission from Springer Nature.

in the molecular network based on the machine learning. This advancement would significantly improve the
efficiency and precision of bit manipulation.

Advances in science and technology to meet challenges
The field of memory bits using molecular networks strongly relies on the advancements in STM/AFM and
on-surface synthesis. These areas are steadily progressing with numerous efforts addressing various
challenges from developing novel techniques to understanding on-chemistry. The main goal in the
development of an efficient memory bits using molecular network would be to fully meet the technical
requirements of the device such as scalability and reliability. To this end, state-of-the-art STM/AFM and
on-surface chemistry are of central importance. Over the next decades, it is anticipated that the field of the
on-surface synthesis will further develop. It will become possible to synthesize extended nanocarbon
structures without any defects for memory bits using molecular networks. These structures should possess
active sites that can be utilized for bit manipulation through structural isomerization, addition/elimination
reactions [56], or a combination of these methods. A key factor that will relate to the individual and mutual
development of SPM and on-surface chemistry would be the incorporation of machine learning as a recent
successful example in this direction has reported [84].

In addition, there are many potential approaches in development of memory bits using molecular
network. Currently, bit manipulations are based on the position and structures of molecule or molecular
units, the so-called classical method. Recent advances in on-surface synthesis have enabled the fabrication of
radical molecules and further linking each unit [75]. Thus, the entanglement of electronic spins between
radical units in nanocarbon nanostructures represents another promising approach for realizing scalable,
multifunctional system of memory bits using molecular networks. Ultimately, the concept of brain-inspired
neuromorphic functions can be considered for dynamic memory systems. This brain-inspired memory must
meet all requirement for scalability and reliability demanded in the memory bits using molecular networks.
Achieving autonomous memory devices, that is capable of reading and writing large amounts of
information, however, will undoubtedly require significant efforts.

Concluding remarks
Memory bits using molecular networks represent an exciting research field, driven by significant
advancements of STM/AFM and on-surface synthesis. The demand for scalable and reliable devices, which
can be achieved through classical, quantum, and neuromorphic approaches stimulates ongoing research in
these areas. Efforts to explore physics and chemistry at the nanoscale will bring a number of novel
possibilities for manipulating memory bits using molecular networks.
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Figure 9. The Josephson effect in the STM: (a) schematic of the tunnel junction with a superconducting tip and a
superconducting sample. The tunnelling of Cooper pairs is indicated. (b) Comparison of energy scales for the Josephson effect,
the junction capacitance and temperature. The Josephson effect is visible in the spectra for junction conductance larger than
about 0.03G0, where G0 = 2e2/h is the conductance quantum. The Josephson energy (blue) depends linearly on the junction
conductance [325] and is indicated for symmetric junctions of lead, vanadium and aluminum. At conductances approaching G0,
the Josephson energy may deviate from its linear evolution depending on the number of transport channels in the tunnel
junction. The charging energy (yellow) of the junction capacitance is indicated for typical values between 1 fF and 100 fF. The
thermal energy (red) is indicated for typical temperatures between 10 mK and 1 K.

junction (EJ < EC). However, by making the tunnel junction more transparent, an emergent coherent
coupling and a linear transmission dependence instead of a quadratic transmission dependence may be
within experimental reach.

The properties of the materials forming the Josephson junction can have a significant influence on the
behaviour of the Cooper pair tunnelling. However, in many cases, the underlying theoretical models assume
a well-defined phase, which typically does not apply to the STM junction. Therefore, a comprehensive
adaptation of the models assuming a well-defined phase to the charge dominated STM tunnel junction,
would be greatly desirable and can help judge, what kind of information can be extracted from a Josephson
junction and what not.

Advances in science and technology to meet challenges
There have been many advances in STM concerning Josephson junctions, both in the experimental
observation as well as in the theoretical understanding in the past decades. Experimentally, the energy
resolution and electronic temperature has dramatically improved over the past years not just due to
experimental setups operating at lower and lower temperature, but also due to improved grounding and
filtering concepts to reduce voltage noise in the tunnel junction. Still, the tunnel junction as well as the
experimental environment may be exposed to high frequency radiation, such as thermal radiation
(1 K≈ 20 GHz). This may be detrimental, if the tunnel junction is at base temperature, but is still exposed
through a direct line of sight to components at higher temperature. Proper shielding and encapsulation of
the STM scan head as well as filtering is desirable. Also, a number of interesting concepts have been
developed in the mesoscopic Josephson community, which could be adapted for the STM, such as filtering
and thermalization techniques [6, 106, 107].

The transformation from phase-coherent tunnelling in mesoscopic Josephson junctions to charge
dominated sequential tunnelling in the STM is one of the primary differences that sets the Josephson
tunnelling apart from mesoscopic junctions, which actually highlights the duality between these processes.
As such, they can be related through a Fourier transform, such that the theoretical results for phase
dominated tunnelling can readily be adapted to charge dominated tunnelling in a comprehensive way [108].
In this way, an adapted theory with a custom-tailored approach to the Josephson junction in an STM can
provide more quantitative predictions for different measurements. Such measurements could go beyond the
understanding of the Josephson junction itself and give more insight into the superconducting properties of
the materials, such as the properties of their order parameter.

Concluding remarks
The Josephson effect has been established as the preeminent tool to examine tunnelling dynamics in the
well-defined junction of the STM. It provides insight into the immediate surroundings through the
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3.2. YSR states at the single-atom scale and their effect in Josephson junctions

Martina Trahms1, Clemens B Winkelmann2 and Katharina J Franke1
1 Freie Universität Berlin, Fachbereich Physik, Arnimallee 14, 14195 Berlin, Germany
2 University Grenoble Alpes, CEA, Grenoble INP, IRIG/DEPHY/PHELIQS, 38000 Grenoble, France

Status
Back in 1997, Yazdani and co-workers reported resonances within the superconducting energy gap of
Pb(111) on single Mn and Gd atoms using STS [85]. They ascribed these signatures to YSR states, which had
been predicted decades before as a result of a classical spin being exchange coupled to a superconducting
condensate. Meanwhile, the theoretical description was expanded to quantum spins, where Kondo
correlations were added as the competing energy scale to superconductivity (figure 10(a)). Lower operating
temperatures of the STM and the use of superconducting tips have enabled the resolution of many more
details pertaining to YSR states. Thus, it became possible to resolve YSR multiplets, originating frommultiple
scattering channels or anisotropy-split YSR states (for a review see [119]). Single-atom manipulation enabled
the construction of nanostructures atom by atom while tracking hybridization and band formation
originating from the YSR states. These nanostructures served particularly useful in two regards. First, the
quantum spin nature could be identified by YSR states crossing the quantum phase transition, which
separates screened and unscreened magnetic moments, when the atoms were in sufficiently close vicinity for
substrate-mediated magnetic interactions [120]. Second, chains of magnetic adatoms were shown to be a
promising platform for topological superconductivity including Majorana zero modes [111].

Both aspects—the quantum-spin nature and the possibility to construct topologically non-trivial
states—still render the fundamental investigation of YSR states highly interesting. We note that these aspects
are intimately linked to each other. While in many cases of magnetic adatom structures, the observations can
be well explained within the classical-spin limit, it has been shown theoretically that the quantum-spin nature
influences the topological phase diagram and reduces the phase space, where non-trivial states are to be
expected [121]. Furthermore, competing energy scales originating from superconducting pairing, exchange
coupling of the magnetic adsorbate to the substrate, and substrate-mediated exchange coupling may lead to
intriguing magnetic spin textures and Kondo-lattice type behaviour in one- and two-dimensional adatom
lattices. YSR states as building blocks of these structures thus remain a highly interesting research topic.

Current and future challenges
In addition to being regarded as building blocks for intriguing non-trivial states (which are discussed in
separate sections), magnetic atoms on superconductors exhibit significant potential when inserted into
Josephson junctions. Such junctions have been established by contacting the magnetic atom with a
superconducting tip. In conventional voltage-biased Josephson junctions, a reduction of the zero-bias
conductance peak—the hallmark of such junctions—was observed in comparison to non-magnetic
junctions [105, 122].

However, as an applied voltage induces a time-dependent phase drop across the junction of the
superconducting condensates in accordance with the Josephson relations, the full potential of the junctions
can only be exploited in current-biased measurements. These types of measurements reveal information on
the phase dynamics in the junction. Sufficiently small phase diffusion allows for the observation of a
switching and retrapping current. The former marks the transition from the supercurrent-dominated phase
to the resistive state upon an increase in the biasing current, while the latter marks the transition from the
resistive state back to the superconducting state. The coexistence of phase diffusion and hysteresis in the
switching/retrapping current indicates a frequency-dependent damping behaviour of the junction. Ideally,
one would like to fully suppress phase diffusion. This, however, is very difficult to achieve as it is not
sufficient to suppress thermal fluctuations. At very low temperatures, quantum fluctuations become
dominant and cannot be avoided in atomic-scale junctions. Similarly, the control of damping properties is a
challenge in the STM with the junction’s impedance predominantly influenced by the interaction with the
environment. The latter may be addressed by novel design schemes as discussed in the next paragraph.

Recent observations in Josephson junctions including YSR states further enhance the interest to gain full
control of the interaction with the environment in an STM. Surprisingly, it was found that the retrapping
current depended on the biasing direction of the junction [123]. Its origin was ascribed to broken
electron–hole symmetry in the YSR states (figure 10(b)). The resulting direction-dependent damping is
reminiscent of diode characteristics. The demonstration of an atomic-scale non-reciprocal Josephson
junction is a promising avenue for miniature applications in quantum circuits.
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Figure 10. Spectroscopy of single magnetic adatoms. (a) YSR states are induced by the interaction of the magnetic adatom’s
unpaired spin with the superconducting condensate. The atom’s magnetic moment does not have a preferential direction. YSR
states are symmetric in energy and asymmetric in intensity due broken electron–hole symmetry by potential scattering. (b) In the
Josephson regime, the damping of the Cooper-pair tunnelling events is influenced by the electron–hole asymmetry of the YSR
states causing the retrapping currents to become asymmetric.

Advances in science and technology to meet challenges
Following the surprising discovery of Josephson-diode behaviour in a single-atom junction, the next
challenge is to gain full control over the rectifying behaviour. First, one may envision to tune the rectification
ratio by increasing electron–hole asymmetry possibly by variation of the adatom species or adsorption site.
Second, technologically more relevant would be a non-reciprocity of the switching current of the junction.
Indeed, other realizations of Josephson junctions exhibit non-reciprocal behaviour in the switching rather
than the retrapping current, induced by broken time-reversal symmetry instead of broken electron–hole
symmetry [124]. Broken time-reversal symmetry without application of an external magnetic field can be
achieved by ferromagnetic structures [125]. The realization of such structures on the atomic scale is in
sight [126].

Additionally, many interesting manifestations of Josephson physics are related to high-frequency
properties. For instance, adding MWs to a dc-current-biased Josephson junction can lead to coherent phase
dynamics which manifest as quantized (Shapiro) voltage steps. Irradiation by MWs is, thus, a method of
choice for setting the quantum mechanical state of the junction. Vice versa, it may be used to investigate the
current-phase relationship as well as out-of-equilibrium (relaxation) dynamics of the bound states carrying
the supercurrent. Therefore, one of the next natural steps in the investigation of YSR states will consist in
probing their ability to carry a supercurrent by high-frequency approaches.

One of the primary challenges in effectively coupling an STM junction to a MW drive or readout is the
lack of precise control over the high-frequency properties of the STM junction environment [99, 105]. This
lack of control leads to impedance mismatch and undesired losses, which are known to significantly
influence the Josephson junction’s dynamics. This is in contrast with on-chip quantum circuit experiments,
which can be designed with a high degree of control of all relevant parameters, which is a necessary
ingredient for preserving phase coherence.

Attempts in inserting MWs into STM junctions include simple antenna setups and MW strip lines, both
mainly applied in single-atom spin-resonance measurements. Extending these approaches to magnetic atoms
on superconductors and their Josephson junctions is a natural combination benefiting from the recent
advances in the fields.

Concluding remarks
When they were theoretically predicted over 50 years ago, the potential of YSR states was not foreseeable.
With the development of STM, their fascinating properties at the atomic scale were revealed, and yet, their
interest still largely remained at a fundamental level. Only recently, it became clear that YSR states could also
be of technological importance. These prospects include their implementation in Josephson diodes or as
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Figure 11. Atomic-scale STM experiments within a controlled electromagnetic environment as provided by carefully designed
on-chip resonators may pave the way for new technological advances.

building blocks for topological superconductivity. When combined with high-frequency driving, these
systems may provide further surprises. Theoretically, it has been proposed to use YSR states a qubits [127,
128]. However, to make YSR states integral parts of quantum technologies, many challenges are yet to be
overcome, such as the control of electromagnetic environment on the atomic scale (figure 11). We believe
that the progress could benefit from the knowledge of physical concepts and technologies routinely applied
in quantum electronic transport community.
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3.3. Engineering YSR nanostructures

Martina O Soldini1, Glenn Wagner1,2, Titus Neupert1, Felix Küster3, Souvik Das3, Stuart S P Parkin3

and Paolo Sessi3
1 Department of Physics, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland
2 Institute for Theoretical Physics, ETH Zurich, 8093 Zurich, Switzerland
3 Max Planck Institute of Microstructure Physics, Weinberg 2, 06120 Halle, Germany

Status
Over the last decade, we have witnessed an increased interest in coupling magnetic nanostructures to
superconducting condensates. An important motivation relates to the YSR localized states that are induced
by the exchange interaction between the magnetic nanostructures and a superconducting condensate. The
hybridization of these localized states can lead to the creation of YSR bands which, for carefully engineered
structures, can drive the system into a topologically non-trivial superconducting state. It is predicted that this
state can host Majorana modes (MMs) at the boundaries of the magnetic nanostructures. Early studies that
revealed signatures compatible with Majorana modes focused on magnetic chains that are self-assembled on
superconducting surfaces [111, 129]. More recently, STM techniques have been used to fabricate magnetic
nanostructures atom-by-atom. These structures, typically in the form of spin-chains that are nominally
disorder-free, have allowed for detailed studies of the formation of YSR bands in a variety of 1D and 2D spin
chains coupled to superconductors. These studies have allowed for deep insights into the origin of the
end-modes [130–133].

Studies on 2D YSR nanostructures have largely followed two distinct approaches: (i) molecular overlayers
self-assembled on superconducting surfaces, and, (ii) molecular beam epitaxial growth of magnetic layers on
superconducting substrates. By chemically programming the molecular building blocks, self-assembled YSR
nanostructures form distinct 2D spin arrays, that are a result of a delicate balance between
molecule–molecule and molecule–substrate interactions. STS studies showed that it is possible to tune the
energy of the YSR states [134]. However, since the magnetic atom is generally embedded within an organic
network, the distance between the YSR states is typically>1 nm and their hybridization is weak. On the other
hand, magnetic layers deposited onto superconducting substrates, give rise to dispersive YSR bands that have
been reported both for collinear ferromagnetic [135] as well as antiferromagnetic spin textures [136].

Recently, 2D YSR nanostructures crafted atom-by-atom have also been experimentally realized [137].
This strategy made possible the creation of YSR lattices that are characterized by distinct symmetries using
the same building blocks, i.e. the same magnetic atoms and superconducting substrates, as illustrated in
figure 12. Moreover, these lattices allowed for the design of distinct lattice terminations, thereby offering a
control knob to directly test the bulk-boundary correspondence that characterizes topological states of
matter (see figure 13). Moreover, this approach also offers the possibility to add desired defects, such as
magnetic domain walls, in these structures. So far, the number of experimentally realized YSR
nanostructures crafted atom-by-atom is rather limited. However, there are nearly an infinite number of
possible combinations of different atoms and substrates. This great flexibility makes it possible to realize
different classes of crystalline topological superconductors that are rare or absent in natural materials.

Current and future challenges
The biggest research issue currently faced by YSR nanostructures is to provide compelling experimental
evidence for MMs. This difficulty arises from the possible existence of trivial excitations which can mimic or
poison signatures of MMs. To rule out trivial mechanisms, putative MMs need to be linked to the topological
properties of the bulk. In 1D, YSR bands could be measured by Fourier transform quasiparticle imaging on
chains consisting of tens of atoms [130]. In the 2D realm, this number naturally scales up to hundreds of
atoms. Beside stable tips for reliable atomic manipulation, large defect-free areas are needed to accomplish
this task: for typical spacing between atoms, i.e. 0.3–1 nm, clean areas>10 nm2 are required. Another related
challenge is the simultaneous spectral and spatial isolation of MMs, which requires systems where no other
YSR states exist near zero energy.

The platforms explored so far have mostly used elemental superconductors where the simultaneous
optimization of relevant parameters, such as spin–orbit coupling (SOC) and superconducting energy gap, is
a major obstacle towards the creation of MMs. Indeed, superconductors with large SOC are beneficial for the
creation of large topological minigaps. However, elemental superconductors with strong SOC either exhibit a
small superconducting gap (e.g. Ta and Re), that is an obstacle to disentangle YSR bands from temperature
broadening effects, or have a small cohesive energy (e.g. Pb) that impedes atomic manipulation.

Furthermore, realizing specific 2D spin lattices is a formidable task. While the spin state can be controlled
by varying the magnetic element, the magnetic anisotropy of single atoms strongly depends on their
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Figure 12. (a), (c) Topographic images of two distinct lattices assembled using Cr atoms coupled to the Nb(110) surface. System A
corresponds to a rectangular lattice, whereas system B corresponds to a rhombic lattice. For each structure, a schematic
illustration of the position of the atoms with respect to the underlying substrate is overlapped with the topographic image. (b),
(d) dI/dU maps from STS acquired using a spin-polarized tip. The alternating contrast visible in both lattices reveals an
antiferromagnetic ground state. Reproduced from [137], with permission from Springer Nature.

Figure 13. (a), (d), (g) Topographic images showing three different lattice terminations for the same rectangular structure
assembled using Cr atoms coupled to the Nb(110) surface; (b), (e), (h) dI/dU maps showing the spatial distribution of the lowest
energy boundary modes; (c), (f), (i) theoretically calculated local density of states at zero energy showing topological boundary
modes. Reproduced from [137], with permission from Springer Nature.

interaction with the local environment. Moreover, various magnetic interactions, such as the Heisenberg
exchange, the Ruderman–Kittel–Kasuya–Yosida and the Dzyaloshinskii–Moriya exchange interactions, are
generally simultaneously at play, elevating the complexity of the physical systems substantially above those of
conventionally studied toy models.
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Finally, assembling YSR nanostructures atom-by-atom requires the development of STM tips which can
simultaneously fulfil two conditions: they must allow for (i) low impedance operation (generally
below 100 kΩ) for atomic manipulation, and, (ii) the imaging of the spin structure (necessary to define the
spatiotemporal symmetries of the lattice). Conventional spin-polarized tips have major drawbacks: the most
problematic one is that the tip apex might be easily modified by the high number of atomic manipulation
sequences required to build the lattice, ultimately losing spin sensitivity.

Advances in science and technology to meet challenges
Building lattices consisting of hundreds of atoms is a tedious task and is prone to errors if carried out by
hand. The reliability can be significantly enhanced by a combination of pathfinding algorithms with image
recognition. Still, the need for large defect-free areas represents the main obstacle. This constraint can be
mitigated by focusing on materials with strong SOC which, by enhancing the size of the YSR bands minigap,
can increase the localization of MMs. The lack of the combination of the desired properties of elemental
superconductors necessitates new approaches. A possible solution would be to proximitize heavy elements
that have large SOC to superconducting substrates that host a large superconducting energy gap. First
attempts with Bi [138] and Ir [139] layers coupled to Nb showed that sufficiently thin films largely preserve
the superconducting energy gap of the substrate. Ultimately, solving this challenge requires the identification
of materials that exhibit large superconducting gaps and strong SOC whilst having sufficiently high surface
quality needed for precise atomic manipulation.

Overcoming the limitations of conventional spin-polarized tips requires the development of innovative
spin-sensitive tips which can be controllably functionalized in-situ. One possible solution is the use of YSR
tips prepared by attaching magnetic atoms deposited onto the surface at the apex of a superconducting
cluster. Due to their strong spin-polarization, YSR states allow for the imaging of magnetic moments [140].
Furthermore, their spin quantization axis can be adjusted with relatively weak external magnetic fields [141].
However, the fabrication of YSR tips with predictable parameters remains challenging. Further
advancements for deterministic control are required.

Another likely path forward is to consider additional mechanisms to form MMs at hybrid
magnetic–superconductor interfaces. Promising approaches include, (i) designing skyrmionic textures,
where the topological phase might be controlled by externally applied magnetic fields [142], and, (ii)
embedding specific dislocation and disclination point defects inside the lattice which can be created and
moved by atomic manipulation techniques [143]. In both cases, given the large variety of possible
configurations, experimental progress can benefit tremendously from the development of predictive design
strategies based on theoretical calculations.

Concluding remarks
Scanning tunneling microscopy and spectroscopy have proven to be powerful methods for imaging YSR
nanostructures. However, significant progress is still needed to provide compelling experimental evidence for
MMs. Among various approaches, the creation of YSR lattices crafted atom-by-atom has been proven to be
highly promising due to the large number of possible lattices that can be created. By selecting appropriate
building blocks, this approach has great flexibility for the generation of spin textures, symmetries, hopping
amplitudes, as well as the design of atomically precise lattice terminations and defects. More generally, we
envision that artificial spin lattices will open up new avenues for implementing and experimentally testing
well defined model Hamiltonians.
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3.4. Atomically-confined topological boundary modes

Zhenyu Wang1 and Vidya Madhavan2
1 Department of Physics, University of Science and Technology of China, Hefei, Anhui 230026, People’s
Republic of China
2 Department of Physics and Materials Research Laboratory, University of Illinois Urbana-Champaign,
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Status
A distinguishing feature of two-dimensional (2D) topological materials with a gap in their bulk
single-particle spectra is that they host conducting edge modes on their 1D boundaries. The emergence of
these boundary modes is enforced by bulk-boundary correspondence and thus topologically protected;
importantly, the spin-momentum locking, at least in certain circumstances, protects these edge states from
backing scattering, thus enabling electrical transport in a dissipationless manner. Since the discovery of the
helical modes in semiconductor quantum walls [144], the investigation of topological boundary modes has
been extended to systems where the quantum many-body interactions come into play, including Chern
insulators hosting chiral edge modes, topological superconductors with Majorana edge modes and several
exotic density wave phases (summarized in figure 14). This progress has not only pushed ahead our
understanding of new quantum phases of matter, but also provides promising avenues towards energy-saving
technology and topological quantum computation.

Because these topological boundary modes exhibit a strong 1D confinement to atomic length scales,
experimental studies have largely focused on STM and ballistic transport signatures of these modes. Helical
edge modes have, for example, been visualized in various time-reversal invariant 2D topological insulators
where they spectroscopically manifest as uniformly distributed DOS at the boundaries, residing inside the
bulk gap, and being immune to potential disorders or irregular boundary shapes. Material platforms include
bismuthine on SiC [145], Bi14Rh3I9 [146], monolayer transition metal dichalcogenides (TMDCs) [147, 148],
ZrTe5 [149] and bismuth halides [150]; and nearly quantized spin Hall conductance has been successfully
observed for short edges in WTe2 [151] and TaIrTe4 devices [152]. Apart from 2D topological insulators,
higher-order topological insulators (HOTIs) can also host topologically protected boundary modes as seen
for example in thin films of Bi [153]. Towards practical application of these 1D helical modes, a sizeable
topological band gap is needed to avoid detrimental contributions from thermal excitations of the bulk. So
far, the bulk energy gap has reached hundreds of meV in bismuthine [145], while the edge channels have
been shown to dominate electric transport up to 100 K in WTe2 devices [151]. Interestingly, the 1D
confinement of the helical boundary states may naturally lead to the formation of a Tomonaga–Luttinger
liquid, resulting in a power-law suppression of the local DOS at EF that encodes many-body correlations.

Current and future challenges
Chern insulators can host the quantum anomalous Hall effect (QAHE) at zero magnetic field with chiral
boundary modes that carry dissipationless currents. However, the experimental realization of chiral
boundary modes has proven to be difficult as it requires spontaneously broken time reversal symmetry due
to global ferromagnetic ordering or valley polarization with strong electron–electron interactions. One
symptom of this difficulty is that the quantization of Hall conductance as measured by transport is much
more robust than that of the quantum spin Hall effect. In the archetypal Cr-doped topological insulators for
example, electronic disorder induced by dopants drastically suppresses the minimum mass gap at the
nanoscale [154], which has hampered the detection of possible boundary modes and limited the realization
of QAHE to sub-kelvin temperatures. Until recently, chiral edge states have been observed by STM at the step
edges in two kagome compounds, TbMn6Sn6 [155] and Co3Sn2S2 [156]. These are both 3D magnetic
materials in which 2D Chern insulating layers are stacked along the layer direction and separated by
additional spacer layers. The intrinsic magnetization and spin–orbital coupling of the kagome layers can
open a sizable Chern gap and produce linearly dispersing chiral boundary states within the gap. Although
monolayer or few layers of these topological magnets hold promise for achieving QAHE at elevated
temperatures, the synthesis of these 2D versions remains a great challenge.

Two-dimensional topological superconductors are a natural platform for hosting propagating 1D
Majorana edge modes with linear dispersion. These much-coveted boundary modes are of fundamental
interest and could be harnessed for quantum computing. Although such 1DMajorana modes are very rare in
naturally occurring compounds, several intrinsic unconventional superconductors have shown promise,
including heavy Fermion superconductor UTe2 [157], iron-based superconductors [158, 159], the Weyl
superconductor MoTe2 [160] and TMDC 4Hb-TaS2 [161]. However, elucidating the topological nature of
these potential edge modes remains elusive, as it requires a detailed knowledge of the bulk superconducting
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Figure 14. 1D atomically-confined boundary modes in various topological systems revealed by STM. (A) Helical edge modes in a
time-reversal invariant 2D TI, bismuthine on SiC. From [145]. Reprinted with permission from AAAS. (B) and (C) Chiral edge
states observed at the step edges of the Chern insulating layers in Kagome magnets TbMn6Sn6 and Co3Sn2S2. (B) Reproduced
from [155], with permission from Springer Nature. (C) Reproduced from [156], with permission from Springer Nature. (D)
boundary modes at domain walls between two quantum Hall ferromagnetic (QHFM) phases with different valley polarization,
on the surface of bismuth. Reproduced from [162], with permission from Springer Nature. (E) Topological boundary modes
observed in the CDW phase of Ta2Se8I. Reproduced from [163], with permission from Springer Nature.

order parameter. An alternative approach is to construct 2D magnets, either with ferromagnetic order [116,
126, 135] or anti-ferromagnetic order [137, 136] on a superconducting surface, where topological
superconductivity could emerge from the interplay between magnetism, SOC and superconductivity. A
detailed summary can be found in other sections of this roadmap.

The exploration of topological boundary modes has been recently extended to more complex quantum
materials. On the surface of bismuth, boundary modes have been directly visualized at domain walls between
quantum Hall phases with different valley polarization [162]. STM studies have reported the demonstration
of 1D boundary modes, possibly topologically protected, in the charge density wave phases of Ta2Se8I [163]
and FeGe [164]. Very recently, an unexpected insulating state hosting quantized helical edge conductance
emerges in monolayer TaIrTe4 near the van Hove filling, hinting to an exotic charge density wave order
therein [152]. These exciting observations call for in-deep theorical and experimental researches on the
interplay between topology and correlations.

Advances in science and technology to meet challenges
One obvious obstacle in the study and application of 1D boundary modes lies in the complexity and
uncertainty of achieving clean and stable thin sheets down to a single layer. Besides optimizing the material
fabrication techniques, this problem may be overcome scientifically in the context of ‘new bulk-boundary
correspondence’. For instance, 3D topological crystalline insulators can exhibit robust gapless states at
crystalline defects [165] and more remarkably, 1D metallic modes can be realized at special hinges of 3D
HOTIs, which has been experimentally verified in Bi [166], BiSb alloys [153] and α-Bi4Br4 [167].
Interestingly, the higher-order topological invariant and the strong Z2 invariant might be simultaneously
present in one compound, leading to a hybrid topological phase which hosts both topological surface states
and 1D boundary modes at step edges [168]. Moreover, the concept of high Chern (spin Chern) number
systems has been proposed to realize 3D quasi-quantized AHE by stacking Chern insulator layers together
with very weak interlayer coupling.

The second issue is to obtain further spectroscopic insights into the topological boundary modes. These
modes display extreme spatial confinement (within a few nm) to the boundaries, thus cannot be
characterized by angle-resolved photoemission spectroscopy; moreover, the prohibited single-particle
backscattering of these boundary modes makes the technique of quasiparticle interference imaging largely
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invalid. Nonetheless, it has been shown that the spin-momentum locking, a hallmark of topological states,
can be demonstrated by spin-selective tunnelling of the helical electrons using topological nanowires as the
STM tip [169]. This finding encourages the fabrication of more quantum-material tips, for example bismuth
halides and K2Cr3As3, to reveal the topological nature of 1D boundary modes. Additionally, local shot noise
spectroscopy, scanning MW impedance microscopy and nano-SQUID can be used to provide more
comprehensive information for understanding these modes.

Finally, we highlight moiré superlattice systems as a superb platform for the investigation of topological
boundary modes. In moiré materials, the convergence of topology and correlations produces new and
unexpected correlated topological phases that are awaiting further experimental exploration [3]. The
distinctive tunability of these materials also allows an electric control of the topological boundary states, and
a recent example is the manipulation of chiral interface state at the boundary between two Chern domains in
twisted monolayer–bilayer graphene [170].

Concluding remarks
To conclude, the study of 1D atomically-confined topological boundary modes represents a fascinating and
fast developing field of research. With state-of-the-art scanning probes, the electronic properties of these
boundary modes and the bulk insulating states associated with them can be concurrently revealed, enabling a
comprehensive understanding of the bulk-boundary correspondence. The variety of material platforms,
including heterostructures, moiré superlattices and artificial lattices crafted atom-by-atom, allow for a large
landscape to be explored and optimized in the near future. We can expect new phenomena and new
understanding in the study of 1D topological boundary modes, which has the potential to impact future
technological applications.
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4. Light-matter interaction resolved at the atomic-level

4.1. Lightwave control of matter at the atomic scale

Rupert Huber and Jascha Repp
Regensburg Center for Ultrafast Nanoscopy, University of Regensburg, 93040 Regensburg, Germany

Status
Observing and controlling the intrinsic motion of single electrons and atoms in space and time may be
regarded as the most direct way of engineering quantum platforms at the atomic scale. Efforts to combine
femtosecond laser pulses with STM [171] have led to numerous ultrafast STM concepts. In 2013 Cocker et al
reached subpicosecond time resolution in STM [172] following an unconventional strategy known as LW
electronics [173–175]: They focused laser pulses in the THz spectral range into the tunnelling junction of an
STM and employed the carrier electric field as a quasi-instantaneous transient bias voltage, driving
tunnelling currents in narrow time windows. By elevating this method to low-temperature STM
experiments, where state-selective tunnelling becomes possible, the sub-ångström spatial resolution of STM
has been combined with femtosecond temporal resolution, see figure 15. This approach has allowed coherent
THz vibrations of an individual molecule to be directly tracked in time in a pump-probe LW-STM
experiment with sub-ångström precision [176]. Recently, the LW-driven analogue to STM conductance
spectroscopy was demonstrated [177], adding energy resolution to the one in space and time.

While in these experiments both the pump and the probe pulse acted as bias-voltage transients driving
electron tunnelling, the LW-STM concept can be generalized to various other modes of operation [174, 175,
178–180]. For example, the pump pulse can act as an ultrashort force transient due to its electric field,
without requiring electron tunnelling [59]. In this spirit, in future LW-STM experiments very different types
of pump pulses may be employed to cause excitations in the sample, while the LW concept is used for
subsequent probing.

Finally, it has been demonstrated that LW-driven currents give rise to an oscillatory dipole moment,
which can lead to the re-emission of light [181]. This allows LW-driven current transients to be detected
optically, providing access to the entire time-resolved instantaneous current transients.

Current and future challenges
LW-STM can be applied to numerous material systems [174], [178], [182] ranging from single molecules
[176], [179], [59], [183] to semi-[172], [180], [184] and superconductors to correlated-electron systems
[185] and two-dimensional materials [177]. Spectroscopic methods and diffraction experiments rely on
periodicity in time and space, respectively, but are insensitive to non-periodic phenomena. LW-STM
represents as an ideal complement to address open research questions, exhibiting non-periodic atomic-scale
variations and ultrafast transient dynamics in the time domain.

Knowing the exact near-field transient in the tunnelling junction is of paramount importance for any
interpretation of LW-STM experiments. This goal has been achieved using hot-electron field emission and
single-molecule voltage gauges for distinct geometries, but the general understanding of the conversion from
the far to the near field needs to be improved further.

The achieved temporal resolution in THz-driven LW-STM of hundred femtoseconds marked a disruptive
development in STM, yet, resolving intramolecular vibrations or optical phonons in solids calls for an even
higher temporal resolution—by more than an order of magnitude. Obviously, this requires shorter laser
pulses. Since the currently employed THz transients are already at the lower limit of sub-cycle pulses,
LW-STM at higher carrier-wave frequencies towards infrared or even the visible will have to be developed.

The range of future experiments can be significantly widened by exploring different pump-probe
variants. While past experiments employed THz pulses as pump and probe, pumping the system in the
visible spectral range and probing it using the LW concept has the potential to study the transient electronic
properties of optical excitations like excitons in semiconductors, defects and individual molecules. Following
this idea, many other excitation and probing schemes can be envisioned.

Since the more than 40 years of existence, STM has lost none of its topicality; not least, because STM has
undergone a constant development, for example, in combining it with differential-conductance spectroscopy,
atomic manipulation, quasiparticle interference, spin-polarized tunnelling, inelastic electron tunnelling
spectroscopy, tip-induced chemistry (section 2.2), luminescence, electron-spin resonance (ESR, see
sections 5.3–5.7) and other techniques (see also section 1). Many of these combinations could analogously be
fused with LW-STM [183] in future, advancing LW-STM to the next level. For example, spin-polarized
LW-STM will allow to follow the transient dynamics of individual spins at the single-quantum limit. The
combination of LW-STM with tip-induced chemistry (section 2.2) might enable following initial steps of a
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Figure 15. (a) Schematic of a lightwave scanning tunnelling microscope, where the transient electric field (red) of a laser acts as a
quasi-instantaneous transient bias voltage adding to the constant bias voltage VDC applied. (b) Thereby, the electric field transient
(red) shifts the Fermi levels of tip and sample against each other (insets) on ultrafast timescales, driving the tunnelling of
electrons (blue arrows). The presence of discrete electronic levels in the junction (black horizontal lines in the insets) may
dominate the tunnelling current (dark, thin blue arrows) and thereby allows for ultrafast state-selective tunnelling. (c) Ultrafast
stroboscopic LW-STM snapshot of an electronic defect level in a single vacancy in WSe2. Panels (b) and (c) Reproduced from
[177], license CC BY 4.0.

Figure 16. Schematic illustration of research opportunities, for which lightwave scanning tunnelling microscopy could provide
unique real-space access in the time domain.

chemical reaction directly in space and time. In other words, employing LW-STM in the investigation of
quantum materials can benefit from all the developments and extensive experience in conventional STM, but
adding temporal resolution as the important variable that enables studying the nanoworld in motion.

Furthermore, the uniquely direct access of THz-STM to the quantum dynamics opens conceptually new
opportunities, such as probing non-classical excitation states in matter, for example, squeezed states.
Similarly, electronic quantum correlations in the tunnelling dynamics could become observable, see
figure 16.

Finally, establishing an ultrafast variant of AFM would mark a milestone in combined atomic-scale and
femtosecond spatiotemporal resolution. As AFM works on insulating samples and provides structural
information, this combination would provide access to a range of materials and research questions that
cannot be addressed by LW-STM. Here, the challenge is to extract the LW-induced forces from a large
background of forces that will always be present also without biasing.

Advances in science and technology to meet challenges
As mentioned, an even higher temporal resolution will require laser pulses with larger carrier-wave
frequencies. Such a development comes with several challenges. First, the concept of LW electronics implies
that the laser transient acts classically as an electric field—a condition that was fulfilled well in past LW-STM
employing THz radiation. Boosting the temporal resolution will inevitably require expanding the spectral
range of the laser transients towards the infrared or even the visible spectrum. At these higher frequencies the
photon regime of light will be entered, where the classical picture of the electric field, acting as an
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instantaneous bias-voltage transient, breaks down. While this transition to the multi-photon regime is an
interesting research topic on its own, it comes along with another challenge: higher frequencies of the carrier
wave demand larger laser power to efficiently drive electron tunnelling. In addition, the absorption
coefficients of metals typically also increase with frequency. Hence, with higher carrier-wave frequencies the
problem of thermal effects becomes more prevalent. Every novel approach to LW-STMmust therefore
rigorously rule out artefactual effects. Disentangling thermal and other spurious effects from ultrafast
LW-driven tunnelling is complex. To name only one example, laser pulses may not only heat up the tip at
slow time scales, but may launch shock waves in the metallic tip, affecting the junction at much faster time
scales than expected, while sub-ångström changes of the tunnelling gap can translate into large parasitic
currents. To rule out this and other possible artefacts, commonly accepted strategies must be developed and
established.

The classical pump-probe approach usually implies that the two pulses do not directly overlap to avoid
(trivial) interference of their electric fields. In the near field the field transients usually exhibit trailing
oscillations, such that this approach has the disadvantage of a dead time in the experiment. To resolve
dynamics in the low femtosecond or even attosecond regime, the very conservative constraint of
non-overlapping pulses is usually given up, at the expense of relying more heavily on modelling to interpret
the results.

Many aspects discussed above illustrate that the future development of LW-STM is intimately linked to
the availability of ever more sophisticated laser sources with advancing laser technology [326]. For example,
the laser repetition rate directly limits the tunnelling current, if one is to stay in the limit of just one electron
transferred per laser pulse. As discussed above, higher temporal resolution will require larger carrier
frequencies and therefore large-bandwidth laser sources with a stable carrier-envelope phase and sufficient
field strength to result into sufficient biasing. Avoiding thermal effects becomes more demanding with
increasing frequencies, such that new concept will have to be developed to reach this goal.

Analytical models and numerical simulations of phenomena relevant in LW-STM face the challenge of
vastly different length scales: the tunnelling occurs on ångström scales, while the near-field transient is
influenced by light–matter interaction on the length scale comparable to the wavelength of light, being
orders of magnitude larger than the dimension of tunnelling junction. To tackle this problem, hybrid models
and simulations, merging different theories will have to be developed.

Concluding remarks
LW-STM offers an unparalleled access to study phenomena directly in real space and in the time domain. It
thereby ideally complements other time-resolved techniques, such as time-resolved angle-resolved
photoemission. We expect that in the coming years LW-STM will prove its potential in many different
research topics on very diverse material platforms. The concept of LW-STM is still in an early phase of its
development and has by no means evolved to its full potential. Method advancement for next-generation
LW-STM will strive for even higher temporal resolution, different types of excitation schemes, increasing the
signal by higher repetition rates and combinations with other extensions of STM such as spin-polarized
currents, external magnetic fields, tip-induced chemistry and many more. The real-space access in the time
domain of LW-STM leaves boundless uncharted territory to be explored in the years to come.
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4.2. Atomic point defects in 2D crystals as electronically and optically addressable spin
systems
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Status
Charges and spins confined to atomic point defects in semiconductors and insulators are emerging as viable
building blocks in quantum technologies. Lattice defects, for instance, such as vacancy centres [186–188]
introduce highly-localized in-gap states and have been explored as electrically and optically addressable
qubits [189], single photon sources [190] and quantum sensors [191]. Recently, two-dimensional (2D)
semiconductors and insulators such as atomically thin crystals of hexagonal boron nitride (hBN) and the
TMDCs have emerged as alternative materials platforms. What makes 2D semiconductors interesting from
the perspective of single photon emission (SPE) [192] are large direct bandgaps in the visible to near-IR
spectral range, and a circular optical dichroism, i.e. a chirality of emitted circularly polarized light depending
on the crystal momentum (‘valley’ degree of freedom). As electron and hole spin are further locked to the
valley by strong SOC, they constitute candidates for long lived (in terms of spin-valley lifetimes T1) quantum
bits, potentially allowing read-out and control via spin-selective optical transitions.

Several types of atomic defects in 2D crystals are being explored as SPE and qubit candidates. For
example, carbon related defects (example C2CN trimer) in hBN have been associated with SPE at room
temperature [193, 194]. Spin-active boron-vacancies in hBN have been demonstrated to enable optically
detected magnetic resonance (ODMR) [195], promising applications in quantum sensing and development
of a spin–photon interface. Defects in TMDCs such as chalcogen vacancies, introducing in-gap states with
large SOC [190, 191], have been demonstrated to yield quantum emission [196, 197], and are being explored
as potential qubit systems with proposed optical initialization, manipulation and read-out [198]. Regardless
of the eventual choice of the 2D platform, the assignment of optical emission to specific defect types has
often remained ambiguous. This motivates the development of spectroscopy techniques that provide atomic
resolution of light–matter interaction, combined with highly-local structural and electronic information.
Likewise, the addressability of SPE and qubits at the individual level will be paramount to their investigation
and application in technology.

Uniquely, the atomic-thinness of 2D crystals allows to address individual atomic point defects by
scanning probe-coupled optical spectroscopy. In this approach, Angstrom-scale resolution can be achieved
(figure 17(a)) by exciting an emitter either electronically (scanning tunnelling luminescence-STL) or
optically (tip-enhanced photoluminescence-TEPL) [199]. True atomic-resolution investigations of
light–matter interaction in point defects and their eventual opto-electronic control, thus overcoming the
diffraction limit imposed by conventional optical spectroscopy by more than two orders of magnitude, are
now on the horizon.

Current and future challenges
Identification of individual optically active atomic defects will be critical for their successful integration into
advanced quantum optoelectronic devices. The low formation energies of atomic defects (e.g. of the order of
few eV in semiconducting TMDCs) pose a challenge to directly visualize them with scanning electron beam
microscopies which employ high energy electrons (keV). STS, on the other hand, is a non-invasive probe
which can provide insights into the local electronic structure of defects with Angstrom resolution. However,
correlating this local electronic information (figure 17(b)) with the identification of optically active
transitions towards the operation of quantum emitters is yet to be demonstrated.

A central challenge of ensemble-type measurements, common in conventional optical spectroscopy, is
that the inhomogeneous distribution of the optical transition frequencies from different emitters within the
excitation spot can adversely affect the indistinguishability of the emission. In STL, tunnelling charges can
result in plasmonic or excitonic excitation (or a combination of the two) resulting in photon emission
(figure 17(c)). Recently, coupling of STM with optical spectroscopy has allowed to capture
plasmonic-emission from 2D TMDCs at the Angstrom scale (figure 17(d)) [199, 202]. However, quantum
emission due to recombination of excitons bound to defect or strain potentials is yet to be observed.
Observation of excitonic emission requires defect-emitters to be placed on atomically clean and flat surfaces
that are electronically decoupled from underlying metallic counter-electrode/ substrate to supress
non-radiative recombination. While such decoupling has been demonstrated for monolayer TMDCs
decoupled using polymer contaminants (figure 17(e)) [202], an atomically smooth decoupling layer for
atomic scale emitters in 2D crystals would be desired.
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Figure 17. Atomic resolution optoelectronics of defect-based emitters in 2D crystals. (a) Excitation and detection of light at the
tunnel junction of a STM. (b) STS across a sulfur vacancy in MoS2 revealing its in-gap electronic structure. Reproduced from
[200], with permission from Springer Nature. (c) Proposed mechanism of STL emission from atomic defects resulting in (1)
narrowband photon emission as opposed to (2) broadband plasmonic emission. (d) Scanning tunnelling luminescence (STL)
map of a single chalcogen vacancy in WS2. From [201]. Reprinted with permission from AAAS. (e) STL spectra from MoSe2
monolayer decoupled from underlying substrate. Reproduced from [202], with permission from Springer Nature.

Applications of emitters in quantum communication and quantum information require simultaneously
maximized emission efficiency and the degree of indistinguishability towards unity. Presently, most
experimental setups suffer from a low photon-collection efficiency at the STM tunnel junction. For example,
assuming isotropic photon emission, the collection efficiency of most STL setups is limited to a low solid
collection angle, only allowing about∼10%–15% of photons to be captured. This poses a significant
challenge for the characterization of quantum emitters as it takes extremely long acquisition time to build
required photon statistics. Further, most STL studies have investigated the visible to near-infrared part of the
electromagnetic spectrum (450–1000 nm). This is due to the large Purcell enhancement in Au or Ag substrate
or tip, in this spectral range. Yet, applications of quantum emitters prefer photon energies in the centre of the
low-loss C-band spectral window (1550 nm) of silica optical fibres, in which STL is yet to be demonstrated.

Advances in science and technology to meet challenges
Figure 18 shows recent efforts towards STM based optical spectroscopy of 2D crystals. While excitonic
luminescence from TMDC crystals has been observed [197, 199, 201], atomically-resolved quantum
emission due to defect-bound excitons is yet to be reported. Quantum emitters in TMDCs are optically
active only at cryogenic temperatures (T < 10 K), adding further constraints to their atomic-scale detection.
While recent work has mostly focused on TMDCs, quantum emitters in hBN few-layers crystals may
potentially be technologically more relevant.

Another critical challenge that remains largely unsolved is the deterministic generation of defect arrays
with atomic-scale spatial precision. Conventionally, techniques such as thermal annealing, ion irradiation,
plasma treatment, and growth-phase doping have been extensively employed to stochastically introduce
optically active defects, however, without control over the precise location of defects. Recent breakthroughs
utilizing focused ion beams have demonstrated the creation of vacancy defects in MoS2 and hBN, with
nanometre-scale lateral resolution [206, 207]. Scanning probe lithography is emerging as an alternative
approach for achieving atomically precise defect engineering in 2D materials, drawing direct parallels to its
established success in realizing atomic-scale phosphorus dopant in silicon. For instance, defect-induced
quantum states have been manipulated by atomic-scale dehydrogenation of impurities in WS2 [208]. At the
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Figure 18. Recent works on STM coupled optical spectroscopy of atomically thin vdW crystals. (a) 1L MoS2 on Au vacancy centre
exhibit plasmonic STL emission [203]. (b) 1L WSe2 on gold shows both excitonic and plasmonic STL emission due to mobile
decoupling from underlying water molecules. Reproduced from [204] with permission from the Royal Society of Chemistry. (c)
1L MoSe2 placed on a non-plasmonic substrate exhibit excitonic STL emission. Reprinted figure with permission from [205],
Copyright (2019) by the American Physical Society. (d) A single chalcogen vacancy exhibits sub-nanometre resolved plasmonic
emission. From [201]. Reprinted with permission from AAAS. (e) 1L MoSe2 exhibits excitonic STL emission when decoupled via
interlayer contaminants. Reproduced from [202], with permission from Springer Nature. (f) Terahertz radiation used to resolve
spin–orbit split energy levels of a single selenium vacancy in WSe2 [177].

more extreme limit, STM has been used on MoS2 to controllably generate individual sulphur vacancy defects
and even arrays thereof via field-evaporation from an STM-tip [209]. These demonstrations underscore
STM’s capability for atomically precise engineering, also in the context of quantum and optoelectronic
properties of 2D materials.

Novel designs to enhance photon collection efficiency from STM tunnel junctions are currently being
explored. For example, a recent paper has made use of a lithographically defined parabolic mirror in
proximity of the STM tip for increased photon capture efficiency [203, 204]. Other works have explored
directionality of photon emission from STM tunnel junction by engineering of either tip shape [210] or
sample geometry [211]. In principle, transfer techniques of 2D crystals may be explored to integrate them
with advanced on-chip optical elements such as waveguides or Bragg reflectors, which can direct the emitted
photons towards collection optics.

TEPL—yet to be demonstrated with atomic resolution for vdW crystals—may allow the possibility of
on-demand emission of a single photon from a single defect whereby the STM tip co-functions as an
electrostatic gate [212]. Further, SP-STM combined with optical spectroscopy may allow to directly probe
how heterogeneities such as atomic defects or strain in TMDC crystals reflect on the valleytronics at the
Angstrom-scale. Finally, combining STM with time resolved optical spectroscopy experiments such as
time-correlated single photon counting, second-order photon correlation and Hong–Ou–Mandel
interference could provide access to dynamics of photon emission and may allow to confirm quantum
emission from individual atomic defects.

44



Nano Futures 9 (2025) 032001 S-H Phark et al

Concluding remarks
STM coupled with optical spectroscopy is a promising technique towards the investigation of atomic scale
emitters in 2D materials. The achievable Angstrom-scale resolution in light–matter interaction sets it apart
from conventional optical techniques and provides direct access to combined electronic structure and optical
signatures of individual emitters. This will allow for their identification and eventual engineering into
advanced optoelectronic quantum devices. On a more fundamental level, light–matter interaction probed at
such extreme length scales may provide new insights into optoelectronic processes in quantum emitters,
promising unprecedented experimental opportunities, the ultimate dream of which would be the tip-based
coherent optoelectronic control of a single atomically confined spin.
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5. Single spin quantum objects
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Status
Magnetic information storage in the smallest unit of matter has been achieved in 2016 through the discovery
of the first SAM, holmium (Ho) adsorbed on a few monolayers thin MgO films grown on Ag(100) [213].
The electron spin in individual Ho atoms exhibits remanence up to 40 K and coercivity exceeding 9 T. This
remarkable stability is attributed to the well-localized nature of the 4f electrons, which remain largely
decoupled from the environment, allowing them to retain their magnetization for extended periods
exceeding thousands of seconds at cryogenic temperatures. This long retention time causes the
non-equilibrium hysteretic behaviour observed in x-ray absorption spectroscopy (XAS) magnetization
loops. After this discovery, other dysprosium (Dy)-based magnets with intriguing properties have been
identified. Dy atoms on graphene/Ir(111) can be self-assembled into ordered arrays using the templating
effect of the moiré pattern from the underlying graphene; thus, they represent the prototype of an ultra-high
density magnetic recording media [214]. These atoms also possess open 5d6s shells, enhancing spin contrast
in magnetic transport measurements conducted by STM [215]. Moreover, Dy atoms deposited on MgO
exhibit the highest magnetic anisotropy observed to date for an individual surface adsorbed atom [216],
promising longer spin stability at higher temperatures. Other recently discovered Dy-based single-atom
magnets, such as Dy on SrTiO3 [217] and Dy on BaO [218], offer new platforms for engineering the easy
magnetization direction and for electric field control of the spin lifetime. Both Ho and Dy SAMs offer
significant opportunities to explore magnetic storage at the atomic scale and the transition from classical to
quantum dynamics of individual spins. Moreover, their potential use as local sources of magnetic fields [216]
makes them attractive for integration into quantum logic devices, where they can fine-tune the resonance
frequencies of qubits, advancing the development of atomic-scale quantum computing technologies.

Current and future challenges
The primary challenge in making further progress lies in increasing the maximum temperature until which
magnetic remanence can be realized in a SAM. Thermal magnetization reversal arises from the interaction
with surface phonons via localized vibrational modes [213]. To overcome this, it is crucial to find
combinations of lanthanide species and substrates resulting in pure spin states that are protected from direct
and thermally assisted quantum tunnelling of the magnetization (QTM) induced by phonon scattering.
Compared to molecular magnets, individual adatoms face additional challenges, such as surface diffusion
and subsequent aggregation into clusters, which become active above a few tens of Kelvin in all current
systems [213, 214]. Identifying systems with stronger bonds could provide a more robust crystal field to
separate spin states and enhance structural stability.

Moreover, spin state measurements currently require integration over a bandwidth of>100 ms due to
limited signal-to-noise ratios (SNRs). Systems with open valence shells can increase the spin-polarized signal
by an order of magnitude [215], enabling faster readout. Techniques that address inter-orbital coupling and
spin polarization with orbital resolution are key to design more efficient SAMs. Presently, STM detects spin
excitations between 4f and the outer 5d6s shell [215], while orbitally resolved XAS gives the occupation and
magnetic properties of the individual orbitals [219].

Transforming QTM from a limitation into an opportunity is an intriguing challenge. While QTM can
limit magnetic stability, it also allows the exploration of quantum phenomena, such as Landau–Zener
tunnelling. This can be used to test the quantum properties of these atoms, including their potential to be set
into a superposition state.

In this context, utilizing lanthanide atoms with tailored spin level structures, where the ground state
doublet can be efficiently coupled to microwaves (MWs), could pave the way for lanthanide-based qubits. To
this extent, a recent study pointed out that Er atoms on MgO/Ag(100) have the suitable ground state for
quantum coherent manipulations [220]. These qubits could potentially offer much longer life- and
coherence times compared to those based on 3dmetal atoms, thereby significantly advancing the field of
quantum computing.
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Figure 19. (a) Ho adatoms adsorbed on top of O on MgO/Ag(100) show out-of-plane easy magnetization axes and magnetic
hysteresis beyond 9 T [213]. (b) Self assembled superlattice of Dy atoms on gr/Ir(111): electron transfer to the substrate creates
spin-polarized 6s5d valence states [214, 215]. (c) Dy adatoms on bridge site of BaO are prototypes of SAMs with in-plane
magnetization [218].

Advances in science and technology to meet challenges
Addressing the potential use of lanthanide atoms for magnetic storage systems involves tackling the magnetic
recording trilemma, which encompasses three key design constraints: writability, readability with high SNR
at high band-width, and thermal stability. Overcoming these challenges encompasses not only the right
choice of materials but also engineering issues related to the addressability.

Currently, a single adatom can only be addressed with STM. Read-out speed is limited by the bandwidth
of the current amplifier or feedback loop, depending on whether the magnetic state is detected in
constant-current or constant-height mode. Writing speed is constrained by the time required for the
tunnelling bias to rise to the switching threshold. In practice, both bandwidths lie between 1 kHz and 1 MHz.
Another key factor limiting the read- and write-speed is the time needed to position the STM tip over a
selected adatom. Shortening this latency—and turning the concept into an actual device—is primarily an
engineering challenge. The physics of single-atom magnetic memory has been validated; once such
memories are judged worth building, engineers can tackle the speed bottleneck with GHz-band current
amplifiers, hybrid optical excitation, and related techniques.

In the presently best systems, the SNR can reach a factor of∼100 with a bandwidth on the order of Hz
[215]. Implementing more advanced amplification and feedback techniques could ensure faster readout and
greater stability in the junction.

Enhancing the thermal stability of single-atom magnets requires stronger isolation of localized spins
from conduction-electron and phonon scattering. In current Ho and Dy/MgO systems, this decoupling is
provided by an ultrathin insulating spacer whose thickness is capped at a few monolayers to preserve STM
conductance. Recent progress in spin detection with exchange-based AFMmay enable reliable read-out
through thicker insulators [61], combining greater electrical isolation with viable signal levels. In parallel,
functionalized substrates—phononic superlattices or 2D materials with phonon band-gaps—can suppress
spin–phonon coupling and thus push blocking temperatures beyond the present 40 K limit [213].

Recently, XAS on just one atom has been reported in a synchrotron x-ray STM [221]. This technique,
combining the spatial resolution of STM with the ability of XAS to investigate the electronic (and potentially
also the magnetic) properties for states far from the Fermi level, could provide critical information for the
search of the optimum adatom-substrate combination.
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Figure 20. (a) Using spin-polarized STM it is possible to probe the orientation of the magnetic moments of the atoms. (b) Typical
two-state signal from Dy atoms on MgO, showing fluctuation of the magnetic moment direction with characteristic time of tens
of seconds. (c) The switching rate depends on the tip-sample voltage and reveals characteristic energy thresholds. A model based
on atomic multiplet calculations allows to reproduce the data and (d) identify the quantum level scheme, together with the
transition towards excited states inducing the reversal of the magnetization [216].

These advancements suggest that magnetic storage systems using single lanthanide atoms could become
feasible with continued progress in materials science and instrumentation. Addressing the magnetic
recording trilemma through innovative approaches such as MW or optical assistance, advanced
amplification, and AFM techniques will be critical to realizing the full potential of lanthanide-based
magnetic storage.

Concluding remarks
Single lanthanide atoms adsorbed onto surfaces are promising for ultra-high density magnetic information
storage. Their mutual magnetic interactions are, e.g. for Dy/g/Ir(111), negligible down to distances of 1 nm
enabling in principle densities up to 640 Tbit/in2. The addressability with spin-polarized transport in an STM
junction implies spin-polarized valence states that enable access to the otherwise well protected 4f electrons
that carry most of the magnetic moment. Combining local detection with radiation-based techniques will be
crucial to the full exploitation of lanthanide single atoms in future magnetic storage devices.
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Figure 36. Precision engineering of single- and two-qubit gates for atom qubits in silicon. Both the number of electrons and
number of phosphorus atoms determine the size of the electron wavefunction. Additionally, increasing the separation between
phosphorus atoms changes the qubit from an atomic state to a molecular state, affecting T1-relaxation and T2-decoherence times.
The angle between phosphorus atoms relative to both the crystal axis and the local electric field allows for engineering of both the
hyperfine Stark coefficients and the spin–orbit interactions, which together with alignment to the external magnetic field can
control the T1-relaxation, T2-decoherence, and T2

∗-dephasing times. For two-qubit gates, engineering of the magnetic field
gradient is possible through qubit composition affecting hyperfine strengths, while the tunnel coupling between qubits and
therefore the exchange interaction can be tuned through their separation. Aligning the qubits along the [110]-direction negates
fluctuations in the strength of the exchange interaction due to valley interference. The strength of the exchange interaction is high
tuneable for asymmetric qubits (different electron occupation and/or number of dopants).

Concluding remarks
Atomically precise manufacturing of phosphorus atom processors has evolved from the first single-atom
transistor in 2012 to the first integrated circuit made with atomic precision in 2022 [322] and now to
multi-qubit processors in 2024 [313] with every gate operation above the fault-tolerant threshold. This is a
remarkable achievement with focus now on engineering high-fidelity coupling between processors. Atomic
modelling can inform the design of these multi-qubit processes, accelerating the speed of development of
this platform for quantum computing. It has been shown that lattice-site placement of atoms is possible
using tip-assisted incorporation, with scalable incorporation techniques currently under development.
Manufacturing the large-scale integrated control and sensing components is achievable for multi-nuclear
spin registers with qubit counts to∼1000 with current processes. For larger qubit numbers, automated
manufacturing will focus on tip stability, feedback control, precision lithography, automatization, and
parallelization to ensure practical manufacturing times for large scale processors.
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