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Synchrotron Radiation for Quantum Technology
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Kai Rossnagel, Kristiaan Temst, George Kourousias, Stefano Carretta, Caterina Biscari,

and Helmut Dosch

In recent years, quantum technology has undergone transformative
advancements, opening up unprecedented possibilities in computation,
metrology, sensing, and communication and reshaping the landscape of
scientific research. Based on superposition, interference, and entanglement of
quantum states, quantum systems leverage the core principles of quantum
mechanics to achieve performances that were once deemed impossible or
computationally insurmountable by classical methods. However, the practical
realization of devices hinges on the conservation of these quantum states and
their precise manipulation, requiring materials engineering with atomic
precision on many length scales —a formidable challenge. Synchrotron light
and free-electron laser (FEL) facilities, widely employed across diverse
scientific and engineering disciplines, provide important single techniques
and suites of multimodal non-destructive imaging and diagnostic tools to
reveal electronic, structural, and morphological properties of matter on device
level. This article delves into how these tools can help to unlock the potential
of quantum device technologies, overcoming production barriers and paving
the way for future breakthroughs. Moreover, the article presents quantum
optics in the x-ray regime using synchrotron and FEL light sources and

1. Introduction

Quantum technology, the realm where
quantum mechanics merges with engineer-
ing, has rapidly emerged as a promising
frontier in scientific research and tech-
nological innovation. Quantum systems,
which harness the counterintuitive phe-
nomena exhibited at the quantum scale,
hold tremendous potential for revolution-
izing numerous fields, including compu-
tation, cryptography, communication, and
sensing. These systems exploit the prin-
ciples of superposition, interference and
entanglement to perform computations
more efficiently, secure communication
channels, and achieve unprecedented
levels of precision in measurement.

However, the realization of practical
quantum technologies faces numer-
ous challenges. Quantum systems are
inherently delicate and susceptible to

addresses the potential of quantum computing for synchrotron-radiation

experiments.

environmental  perturbations, making
their precise control and manipulation
highly challenging. Additionally, the
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characterization and measurement of quantum systems and de-
vices with high fidelity are essential for understanding their be-
havior, optimizing their performance, and identifying sources
of error.

This leads to the importance of materials science for quantum
technology. Materials science for quantum computing hardware
has been reviewed by de Leon et al.l'l and by Lordi and Nichol
in a special issuel?! and for superconducting qubits by Murray.!
In addition, quantum materials are becoming increasingly more
important for the development of quantum technologies. The
term refers to those materials exhibiting phenomena such as su-
perconductivity, strong electron correlations, nontrivial topology,
and pronounced proximity effects, and often involves an entan-
glement of charge, spin, orbital, and lattice degrees of freedom.
Reviews of layered quantum materials for quantum technology
have appeared!*°! with a focus on light-matter interfaces as ap-
plication area.l%!

Accelerator-based photon sources emerge as powerful analyt-
ical tools for scientists working in the field of quantum tech-
nology. Synchrotron radiation is the electromagnetic radiation
emitted by charged particles held at or accelerated to relativis-
tic speeds in storage rings and linear accelerators, respectively.
These sources generate intense beams of light spanning a wide
range of wavelengths, from infrared to X-rays, with exceptional
brilliance where brilliance is the photon flux normalized by the
solid angle of the emission, the source size, and a specific energy
band. Other properties of synchrotron radiation are polarization,
coherence, tunability, and time structure. Synchrotron radiation
has been extensively utilized in atomic physics, materials science,
and various other scientific disciplines, but its potential in ad-
vancing quantum technology has only recently begun to be ex-
plored.

In the following sections, we will delve into the specific ap-
plications of synchrotron radiation in quantum technology. We
will discuss its use in characterizing conventional and quantum
materials, where they are relevant for quantum technology, and
optimizing device performance, where we distinguish electronic
and optical quantum devices. In addition, we address the exten-
sion of quantum optics into the X-ray range and the impact of
quantum computing on accelerators and synchrotron-radiation
experiments. We will explore recent experimental achievements
and present potential future directions for a fruitful collabora-
tion between the application of synchrotron radiation and quan-
tum technology, in particular toward exploiting European syner-
gies. The significant allocation of public funds to bolster quan-
tum technology research in Europe has led to the formulation
of a cohesive strategy outlined in a technology roadmap.[®! Like-
wise, LEAPS, the League of European Accelerator-based Photon
Sources, aims at pooling expertise and resources by increased col-
laboration towards technological challenges, including quantum
technology.[”8]
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2. Synchrotron Radiation Methods and Quantum
Technologies

2.1. Overview of Synchrotron Radiation Methods

Since the discovery of synchrotron radiation emitted by relativis-
tic electrons in 1947, many dedicated synchrotron radiation facil-
ities and free electron lasers (FELs) have been developed over the
past almost 80 years and more than 50 are operational today. This
is due to the special properties of synchrotron radiation, which
is emitted by accelerator-based sources over the entire spectral
range from the far infrared (THz) to very hard X-ray photons up
to 100 keV and beyond. The enormous brilliance, photon density
(flux), tunability and coherence properties as well as the special
time structure of these sources are still unique in the X-ray range
and render these sources a versatile tool for material analysis and
in particular to study quantum materials on various length (down
to few nm) and time scales (even attoseconds).

Depending on the scientific question, one can exploit the fact
that electrons, ions or photons are emitted during the interac-
tion of X-rays with matter. The X-rays themselves are scattered,
diffracted or generate fluorescence radiation. From this, a vari-
ety of synchrotron radiation methods have emerged as indispens-
able probes for the atomic and electronic structure of quantum
materials at the surface and in the bulk. The potential of these
methods and their new opportunities at 4th generation sources
(i-e., those that are designed to achieve significantly higher bril-
liance and coherence, namely diffraction-limited storage rings
and high-repetition FELs) are described in more detail below, to-
gether with their links to quantum technology as illustrated in
Figure 1 showing applications, challenges, and solutions.

2.2. Imaging and Diffraction

Synchrotron radiation, and in particular X-rays at short wave-
lengths, is capable of analyzing the micro and even nano-
structure, the static and dynamic properties as well as the func-
tionality of electronic devices through imaging and spectroscopy
and the combination of the two. Imaging may be performed in
2D or 3D with contrast achieved either through spectroscopic
or diffraction methods. The deep penetration of hard X-rays en-
ables studies of buried interfaces, especially at higher photon en-
ergies > 10 keV, and allows in situ analysis of thin film growth.
Soft- (< 2 keV) and tender X-rays (< 5 keV) require vacuum
and absence of windows. With the increased coherence of 4th
generation synchrotron radiation sources, it is easier to recover
the phase information in X-ray diffraction (XRD). Surface XRD
data can be converted into atomic-scale images of epitaxial het-
erostructures with sub-Angstrom resolution along the out-of-
plane direction.”! Fourth generation diffraction limited storage
rings allow for unprecedented insights with X-rays into matter as
they offer large coherence lengths of 10 to 100 micrometers in the
case of hard X-rays allowing for XRD of structures such as grains
on this length scale by coherent diffraction imaging.[®) For larger
inhomogenous samples, ptychography is used where the beam is
scanned with spatial overlap. X-ray laminography!'%! is a method
that is well suited for flat samples such as integrated circuits and
as ptychography allows hierarchical imaging, as we will show in
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Figure 1. Schematic showing examples for quantum technologies and support by synchrotron radiation methods.

Section 3. We will also demonstrate there how scanning XRD pro-

vides strain maps on the nm-scale.

2.3. Spectroscopy

Spectroscopy involves excitation of electrons by X-rays either to a
higher energy level or their emission from the sample. The inten-
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sity of this transition is measured as a function of incident pho-
ton energy (X-ray Absorption Spectroscopy, XAS) or kinetic en-
ergy of the emitted photoelectrons (Photo Electron Spectroscopy,
PES), or the photon energy of the emitted X-rays (Resonant In-

elastic X-ray Scattering, RIXS). The transitions between ground

state and final state are specific for element, chemical state, or-

bital and spin. In the Near-Edge X-ray Absorption Fine Structure
(NEXAFS) variant of XAS, the photon energy is tuned through a
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core-level energy and probes in this way the element-specific un-
occupied density of states. Using electrons (Total or Partial Elec-
tron Yield, TEY; PEY) to detect NEXAFS makes the method sur-
face sensitive. We will give an example in Section 4. With variably
polarized synchrotron radiation (linear to circular), XAS becomes
sensitive to the spin and orbital degrees of freedom. X-ray Mag-
netic Circular Dichroism (XMCD) as well as X-ray Magnetic Lin-
ear Dichroism (XMLD), can deliver element specific spin- and or-
bital magnetic moments as a function of applied magnetic fields
or other external stimuli like laser illumination or radio-frquency
excitation. For an example, see Section 3. PES has, as given by the
atomic-length-scale escape depth of photoelectrons, a higher sur-
face sensitivity than XAS. The surface sensitivity can be tuned
by the kinetic energy via the photon energy and the takeoff an-
gle. Core-level PES even allows for the precise determination of
chemical shifts indicating specific bond states of atoms. Angle-
Resolved Photoelectron Spectroscopy (ARPES) makes use of mo-
mentum conservation and requires crystalline samples. It deliv-
ers band dispersions, traditionally at photon energies in the vac-
uum ultraviolet (VUV) region and is extensively used to study
quantum materials. ARPES can also be performed with soft and
hard X-rays leading to enhanced bulk sensitivity which allows to
probe buried layers. To enhance the contribution of a certain ele-
ment or chemical shift, ARPES in the soft and hard X-ray range
can be performed resonantly at a core level energy. RIXS is also
resonant but is a bulk-sensitive technique because emitted pho-
tons are recorded. It can also be performed in a momentum re-
solved way in crystalline solids as complement to neutron scat-
tering. The emitted photons can suffer energy losses due to el-
ementary low-energy charge, spin, orbital and lattice excitations
which are probed in this way.l!!]

2.4. Spectro-Microscopy

Spectro-microscopy with synchroton radiation down to few nm
spatial resolution employs contrast mechanisms from spec-
troscopy such as XAS in scanning transmission x-ray microscopy
(STXM) and ptychography. XMCD and XMLD allow to image
spatial magnetic order as a function of external parameters.
This holds also for photoelectron emission microscopy (PEEM)
recording photoelectrons, Auger electrons or TEY in XAS and
XMCD. This is complementary to STXM (film transmission), so
that in combination the surface map of films versus bulk can
be studied.

2.5. Quantum Science and Technology

Linking synchrotron methods to quantum technology we intro-
duce in the following some of the main scientific and technical
questions in the field: A prototypical example of quantum sci-
ence and technology is quantum computing.!'>"1¢ The research
in this field has the objective of ultimately creating a univer-
sal and fault-tolerant quantum computer, capable of achieving
a significant, ideally exponential, speedup in specific calcula-
tions compared to classical computers. An important stimulus
has been the theoretical demonstration that Shor’s algorithm!!”!
finds non-trivial divisors much faster than classical algorithms,
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specifically in polynomial runtime, with profound implications
for cryptography. To implement a quantum computer physi-
cally requires several preconditions: qubits shall be readable, re-
liable, and scalable, and they must be initialized and enable a
universal set of quantum gates.['®) In recent years, larger-scale
yet imperfect quantum computers have become operational, fa-
cilitating specific calculations that are challenging for classical
machines.

Quantum computing makes use of two basic quantum prop-
erties: superposition and entanglement. The wave function of,
e.g., an electron spin, can be described by the superposition
v = «|0 > +p|1 >. Hence, differently from classical bits, qubits
can exist in states that are “at the same time 0 and 1”. As a conse-
quence, a register of N qubits can be prepared in a superposition
of any of the 2V possible combinations of each qubit state, po-
tentially leading to an exponentially larger processing power. En-
tanglement is a quintessential quantum phenomenon in which
the states of two or more systems are correlated so that they can-
not be described independently from one another, regardless of
their distance. Entanglement is a crucial resource for quantum
computing and quantum technologies in general (e.g., it is ex-
ploited for quantum error correction and for quantum telepor-
tation) and can occur for instance when two spins interact by an
exchange interaction. In quantum computing it is usually created
by two-qubit gates (like the controlled NOT or CNOT gate, which
controls the entanglement), which typically require a switchable
interaction between qubits.

Due to interactions with the environment, quantum states are
susceptible to decay and decoherence, which can lead to errors,
particularly critical in larger systems with many qubits. Specif-
ically, a superposition of |0 > and |1 > can decay into a mix-
ture of |0 > and |1 >, effectively destroying the quantum infor-
mation and halting the computation. The characteristic time of
this process is referred to as the coherence time T, and has to be
as long as possible. Moreover, energy dissipation to the environ-
ment within a characteristic relaxation time T; is another source
of decoherence and limits the coherence time to T, < 2T, for all
qubits.['l Some sources of decoherence, such as inhomogeneous
dephasing as measured by T, can be reduced by special pulse
sequences. In general, correcting errors requires many qubits
and the implementation of quantum error correction,'! a cru-
cial milestone to really unleash the full power of quantum com-
puting.

Logic gates are typically implemented by the application
of electromagnetic radiation, i.e., microwave or optical pulses.
Here, two crucial and connected quantities are the ratio between
T, and the time needed to implement a gate operation and the
fidelity. The has to be very large, ensuring that many gates can
be implemented before coherence is significantly affected. The
latter, i.e., the accuracy of the physical implementation of the
logic transformation, has to be as close to 1 (corresponding to a
perfect gate implementation) as possible. The fidelity improves
with longer T,, but also depends on specific characteristics of
the used platform. In particular, the fidelity of two-qubit gates
depends also on the interaction that generates the entanglement
and is generally lower than that of one-qubit gates.'] Larger-scale
systems require consideration of yet other factors. Improving
qubit characteristics (like T,) and the fidelity of quantum gates
requires a deep understanding of the hardware and the design of
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Figure 2. In-operando microscopy and spectroscopy. a, d) Ptychographic X-ray laminography at 6.2 keV of a device allows macro- to nanoscale zoom. Re-
produced with permission.[2%] Copyright 2019, Springer Nature. b, e) Example of in-operando studies using photoinduced electrical currents. Reproduced
with permission.I2'l Copyright 2022, AIP publishing. c) Schematic of experiment using angle-resolved photoelectron spectroscopy (ARPES) with sub-
micrometer spatial resolution. Reproduced with permission.!?2] Copyright 2010, Wiley. f) Diagram of a 2D heterostructure device for micro-ARPES. g)
Micro-ARPES demonstrates the effect of electrostatic gating. A shift of the Fermi level of several 100 meV is observed in the Dirac cone of monolayer
graphene by application of a gate voltage. The conduction changes from electron to hole like. Reproduced with permission.[?3] Copyright 2019, Springer

Nature.

optimized and platform-specific gates. As discussed below and in
the subsequent sections, X-rays are a very powerful tool to help
in these tasks.

There are various platforms with different strengths, chal-
lenges, and perspectives for achieving scalability and error cor-
rection. These platforms include superconducting qubits, quan-
tum dots, trapped ions, neutral atoms, molecular qubits/qudits,
topological qubits, and photonic quantum computing.

Figure 1 illustrates the links between advanced quantum tech-
nologies and various synchrotron radiation techniques discussed
above, which we explore through examples in this article. On the
right, key properties of synchrotron radiation are listed. In super-
conducting qubit systems, dielectric losses pose a challenge. X-
ray Photoelectron Spectroscopy (XPS) can identify oxide species
formed in the dielectric produced by the oxidation of the su-
perconductor, with tunable photon energies enabling depth pro-
filing. A related issue arises in nitrogen-vacancy (NV) centers
near diamond surfaces used for sensing, where soft-X-ray absorp-
tion is the preferred technique. In semiconductor qubits, spa-
tially resolved strain analysis is critical and can be achieved using
nanobeam XRD.

3. Electronic Quantum Devices

A key capability of synchrotron radiation is that it can be used
to analyze the structure, properties and function of electronic
devices by imaging and in-operando methods, as illustrated in
Figure 2.
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As mentioned above, imaging may be performed in 2D or 3D.
Conventional tomography typically prohibits hierarchical imag-
ing since the probed pillar has to be cut out of the sample. This
can be avoided by ptychographic X-ray laminography!!®) which
is well suited for flat samples such as integrated circuits. This
has been demonstrated using chips produced with 16 nm fin
field-effect transistor technology, achieving a reconstruction res-
olution of 18.9 nm, see Figure 2a,d.[?"]

In the center part of Figure 2, a new method of soft-X-ray
absorption spectroscopy is employed.?!! Instead of the conven-
tional TEY, a two-channel TEY is introduced in which the pho-
tocurrents from two electrodes are recorded via tracer layers of
the two elements Ni (top electrode) and Ti (bottom electrode),
which can be distinguished in the spectra. At the Ti L-edge, elec-
trons are excited in the Ti layer and may diffuse across the SiO ,
dielectriclayer. The currents in the bottom and top electrode com-
pensate each other. At the Ni L-edge, the electrons are excited at
the top electrode leading to a current with opposite sign. More-
over, some of the photoexcited electrons from the Ni can reach the
surface and contribute to external photoemission which leads to
an imbalance in the currents from the top and bottom electrodes.
This shows that internal photoexcited currents in selected buried
layers and interfaces at distances up to at least 185 nm from the
surface can be probed.!?!]

ARPES probes electronic band dispersions E(k) of occupied
states and, as mentioned above, is a method of high surface sen-
sitivity (a few atomic layers). It has recently been extended to in-
operando methods enabling the application of electric, magnetic,
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and strain fields, electric currents and gate voltages.[?*! This ex-
tension involves first of all a high spatial resolution in the mi-
crometer or submicrometer range. Figure 2g shows the strong
effect of electrostatic gating on monolayer graphenel?* (see also
ref. [25]), which is particularly susceptible due to its small den-
sity of states around the Dirac point, the crossing point of the lin-
ear E(k) dispersion. The Fermi level shifts across the Dirac point
while the dispersion of the Dirac cone itself does not change.

After these examples of electronic devices employing con-
ventional (Ni and Ti) and quantum materials (graphene), we
will in the following show how various synchrotron- and FEL-
radiation methods are used to characterize the electronic, chem-
ical, and magnetic properties of these materials and their func-
tionality with applications in quantum computing and quantum
metrology.

3.1. Quantum Computing
3.1.1. Superconducting Qubits

Superconducting quantum computers have been at the center of
most recent breakthroughs such as the 53 qubit quantum com-
puter outperforming the largest classical computers in calculat-
ing a random circuit.?! Superconducting qubits rely on super-
conducting circuits to encode and manipulate quantum infor-
mation. In 2004, a superconducting artificial atom was coher-
ently coupled to a microwave frequency photon in the strong-
coupling regime.[?’] This established circuit quantum electrody-
namics as an analog of cavity quantum electrodynamics which
employs atoms and quantum optics. For a review see ref. [28].
Superconducting circuits are fabricated on silicon or sapphire
substrates using silicon CMOS techniques and materials. The
process involves lithographic patterning, metal deposition, etch-
ing, and controlled oxidation of thin films of a superconductor
such as aluminum or niobium. They are electrically shielded and
cooled to 10 mK.[282%l The quantum harmonic oscillator consists
of a resonant circuit with a capacitor and an inductor, resonat-

ing at frequency w, =1/ VLC. The quantized energy levels are
spaced by w,. Typically the lowest two levels are used as qubit
(10 > for the ground state and |1 > for the excited state). In or-
der to address each transition uniquely and avoid excitations to
higher levels, an anharmonic potential is created by a Josephson
junction.!?! The parameters of the circuit can be tuned and the
ratios of the Josephson energy, the capacitive charging energy,
and the inductive energy allow to engineer qubit properties such
as transition frequency, anharmonicity, and sensitivity to various
noise sources.[??l Two important qubit types are the charge qubit
and the magnetic flux qubit.

The sources of loss and noise in the materials are insufficiently
understood. The transmon qubit (transmission line shunted
plasma oscillation qubit),i*!! which is of the charge qubit type,
has reduced sensitivity to charge noise because a shunting ca-
pacitor lowers the charging energy relative to the Josephson en-
ergy so that the energy level spacings are almost independent of
offset charge. It is believed that the lifetimes of existing 2D trans-
mons are limited by microwave dielectric losses.3233] Ta-based
planar transmon qubits can exhibit record lifetimes T; > 0.3 ms
(and > 0.23 ms in average),l*?] three times larger than achieved
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with Nb and Al-based ones.?*** It was estimated that the advan-
tage of Ta is its robust, stoichiometric oxide, which is resistant to
a wide range of aggressive chemical processes while the amor-
phous non-stoichiometric oxide layer at the surface of Nb and Al
is a plausible source of dielectric loss arising from two-level sys-
tems, characterized by charges or atoms tunneling between two
metastable states.!!]

For depth profiling of bcc Ta(111) films with a thin oxide
layer, the excitation energy of Ta 4f core.level spectra has been
varied in XPS between 630 and 6000 eV, see Figure 3c,d,e.3%
This is a requirement that can only be met with a synchrotron-
radiation beamline that covers the soft-to-tender energy range. It
was shown that the Ta surface is dominated by Ta, O, which is the
fully oxidized case, but at the interface to the Ta, suboxides with
Ta** and Tal* were detected. The Ta oxide layer was thinner with
sharper interfaces than what was found for Nb oxide, which was
studied with photon-energy dependent core-level spectroscopy as
well.[®] This difference could explain the improved performance
of Ta-based superconducting qubits.[**} Comparison to system-
atic studies of the microwave dielectric loss for different surface
conditions of the Ta devices*®! indicated Ta** as the origin of
the dielectric loss currently limiting the devices.[*”) With the XPS
analysis applied to different acid treatments, it was possible to
grow the Ta oxide in a controlled way and thinner than previously
achieved.B

3.1.2. Semiconductor Qubits

Prominent semiconductor qubits which use the spin are the
quantum-dot qubit and the donor qubit. For a review see ref.
[37]. In a semiconductor, a quantum dot can be defined by volt-
ages on gate electrodes. The qubit is then stored in spin states of
the quantum-confined electrons or holes. Using the spin states
of coupled single-electron quantum dots, Loss and DiVincenzo
proposed a universal set of one- and two-qubit gates for quan-
tum computation.®! In the two-qubit quantum gate, the single
spin qubit can be controlled by resonant microwave pulses while
two qubits couple through the exchange interaction, which can be
tuned by electrically gating the tunneling barrier. The exchange
interaction is a combined effect of the Pauli exclusion princi-
ple and the Coulomb interaction. Between quantum dots, which
are too far away for a direct orbital overlap, the exchange is con-
trolled via tunneling.l*’”] The tunability of the exchange coupling
with a gate voltage has been demonstrated®®! and enables time-
dependent control for implementing entanglement in two GaAs
quantum-dot qubits.[** A single-electron transistor is used for
readout. The length scale of the confinement and electrodes is
10-100 nm which is orders of magnitude smaller than for super-
conducting qubits and is reached by electron lithography.!*!] En-
richment of the spin-zero 2Si isotope reduces the spin decoher-
ence by hyperfine interaction with nuclear magnetic moments
when ¥Si atoms are absent in the active region of the device.
Two-qubit CNOT gates have been realized in 28Si enriched Si.[*?!

Although silicon quantum-dot qubits largely avoid nu-
clear spin noise in this way, electric field noise is a problem
for single- and multi-qubit operations.* It was found that
charge noise increases with the thickness of the aluminum-
oxide gate dielectric,®] suggesting the necessity for a
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Figure 3. Superconducting qubits. a) Harmonic potential versus flux of the LC circuit (inset). Response of the oscillator to an external perturbation
as a function of detuning 6. k = w,/Q is FWHM with the quality factor Q. 1/« is the average lifetime of the single-photon state |1 > before it decays
to |0 >. Reproduced with permission.[?8] Copyright 2021, American Physical Society. b) Integrated circuit for cavity quantum electrodynamics. (b-a)
Superconducting Nb resonator. (b-b) Input—output feedline at each end of the resonator. (b-c) Cooper pair box from Al. The Josephson tunnel junctions
are formed at the overlap between the long thin island parallel to the center conductor and the fingers extending from the reservoir. Reproduced with
permission.[”] Copyright 2004, Springer Nature. c, d, e) Depth profiling of the oxide dielectric of superconductor qubits for loss control. The sharp 4f
core level of Ta allows precise assignment of oxidation states. The wide photon-energy range offered by synchrotron radiation allows for depth profiling
by variation of the probing depth over a wide range. Different acid treatments are compared that expose only the stable stoichiometric oxide. Adapted

under the terms of CC BY 4.0 license.3%] Copyright 2023, Wiley-VCH.

similar control as mentioned in Section 3.1.1 for supercon-
ducting qubits. Temperature-dependent noise magnitude and
spectrum vary among quantum dots implying that charge noise
in Si/SiGe quantum dots likely stems partially from a nonuni-
form distribution of two-level systems near the surface of the
semiconductor.[*?]

Shortly after the Loss-DiVincenzo proposal, Kane introduced
a concept using the nuclear spins of *'P donor atoms in Si as
qubit.*l 31P electron- and nuclear-spin qubits in a top-gated
nanostructure on a Si substrate have led to 3!P nuclearspin co-
herence time > 30 s (single qubit) and > 99.99% control fidelity
and electron-spin coherence time > 0.5 5.1} Group V donors in
Si such as P are hydrogen-like and feature a loosely-bound sin-
gle spin-1/2 electron. This situation is similar to free alkali atoms
(used in atomic clocks), however, the high dielectric constant and
low effective mass of the Si host lead to a much smaller binding
energy of several 10 meV and a much larger Bohr radius, which
is the general basis of doped semiconductors and p-n junctions.

To form quantum gates, the states have to evolve coher-
ently. Instead of control of interaction by gate electrodes, in the
Stoneham-Fisher schemel*®! the coupling is achieved via optically
induced electronic excitation. To avoid the coupling in the ground
state, appropriate spacings, e.g. 10 nm for the deep donor Bi in
Si, are sufficient.[*?]

Using THz coherent synchrotron radiation from an FEL, it has
been demonstrated that tunneling between P and Sb atoms can
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be controlled by selective photoexcitation of either P or Sb atoms
at 10 K.l The large Bohr radius reduces the spin-orbit coupling.
THz radiation from the FEL has also been used to reveal that
the spin-orbit coupling is small enough to preserve the spin dur-
ing an excitation and phonon relaxation cycle.’® This is impor-
tant for qubit and quantum-sensor applications where THz ex-
citations initiate either a coupling or a readout sequence.*® The
coherent manipulation of the electron-spin qubitin a P atom in Si
is achieved by microwaves. This, as well as its electrical readout,
has been demonstrated with a large T, > 200 ps.5!l An orbital
qubit, corresponding to the 1s —2p transition, requires THz ra-
diation. Figure 4a, b shows how the transition is achieved with
pulsed FEL radiation.[*! The sequence of two Ramsey pulses,
the representation in the Bloch sphere, and the y-component of
the Bloch vector displaying Ramsey fringes are shown. A coher-
ence time T; = 160 ps is measured for 10° atoms at liquid He
temperature.

Single-donor qubits in Si are routinely formed using ion im-
plantation and have been characterized as the basis for a vi-
able platform for quantum computing. As the next step, the cre-
ation of patterned arrays of donor qubits for controlled coupling
is considered.®?! Again, two qubits couple by the exchange in-
teraction, which needs to be switched on and off over orders
of magnitude.[>*] The modeling of the exchange interaction be-
tween two donor electrons is rather complex due to multi-valley
interference effects which requires a precise knowledge of the
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Figure 4. Impurities in Si for qubits. a,b) Coherent manipulation of the 1s —2p two-level quantum oscillator of P by pulsed FEL THz radiation and
electrical readout by photothermal ionization. Amplitude and relative phase of the coefficients of the superposition are represented in the Bloch sphere.
The y-component of the Bloch vector, representing the polarization, displays Ramsey fringes. T, = 160 ps was determined for 105 P atoms in Si.
Reproduced under the terms of CC BY 4.0 license.[“®] Copyright 2015, Springer Nature. Bottom: X-ray fluorescence (XRF) can detect implanted Ga
impurities in Si with a sensitivity of currently 650 Ga impurities. c) Scanning electron microscopy image of the implanted regions. d) XRF of sample ”S”
(marked on the left). Reproduced under the terms of CC BY 4.0 license.[*’] Copyright 2024, Wiley-VCH.

distance. Anti-correlated spin states have been measured for
two phosphorus spin qubits in Si separated by 16+1 nm.3!
This arrangement has been achieved with scanning tunneling
microscopy lithography which uses a hydrogen monolayer as
resist." Single ion implantation is the closest competitor of
this method with precision in the order of 10 nm and faster as
well as more flexible in terms of impurity species and host.[>4l
For these larger length scales that also facilitate addressing and
manufacturing, new gating schemes with much larger allow-
able spacing between the qubits have been devised.l>>*® These
will require appropriate diagnostics and imaging of the struc-
tures produced, including by X-ray methods. Recently, Ga im-
plantation in Si for spin-3/2 qubits, which is also used for cre-
ating p-type contacts, has been studied by synchrotron-radiation-
based X-ray fluorescence (XRF).[*’] The sensitivity was enhanced
by the use of nanobeams to detect 650 Ga impurities, which
means an about 30 times higher sensitivity than achieved previ-
ously, see Figure 4c,d. It is expected that after further instrument
upgrades, single atom detection by synchrotron-radiation-based
XRF is within reach.l*’] The detection of single impurities using
fluorescence could be useful in probing variations in the bonding
configuration around individual atoms using NEXAFS.[*]
Synchrotron-radiation-based ARPES has been applied to
buried P atoms 2 nm beneath the surface of Si.’’! It was pos-
sible to probe the band dispersion of the created 2D electron gas
even beyond the small probing depth of the photoemission exper-
iment in the VUV photon energy range.>”] § -doping of Si with As
and P atoms up to 4 nm beneath the surface has also been inves-
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tigated with soft-X-ray ARPES at an enhanced probing depth.[58!

The ARPES intensity oscillation as a function of photon energy
has allowed determination of the electronic wavefunction local-
ization over the doped § -layer, yielding an electronic thickness of
0.45+0.04 nm.1%]

Strain effects are crucial in quantum-dot qubits. Because Si
has multiple conduction-band valleys, tensile strain is being em-
ployed during growth.”] Large in-plane strain lifts the energies
of in-plane x,y valleys, and the remaining twofold degeneracy of
the z valley is lifted by the quantum well itself to a splitting of
0.1 to 1 meV, which is very delicate. For dopants in Si, the valley
degeneracy is lifted by the strong confinement potential from the
dopant, for P resulting in 11.7 meV splitting.[*®) Moreover, strain
from gate electrodes affects the performance and, when carefully
characterized, provides a new axis for device design. While the
gates define the electrostatic potential of the dots, the imposed
stress is transferred so deep that it affects the active region of
the device. Typical strains from metal gates are large enough to
create strain-induced quantum dots rendering strain as impor-
tant as electrostatics for the operation of the quantum-dot device.
Nanobeam XRD has been used to study strain effects of metallic
gate electrodes on quantum dots in Sil®”) and GaAs structures.%!]
Combined with dynamical modeling the measurements reveal
lattice tilts up to 0.04° and strain around 10~* in the 2D electron
gas (2DEG) of GaAs/AlGaAs heterostructures.[®!] Elastic distor-
tions modify the 2DEG’s potential energy landscape via defor-
mation potential and piezoelectric effects. Investigations of in-
dividual linear electrodes reveal lattice tilts consistent with a 28
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MPa compressive residual stress in the electrodes.[®?] The angu-
lar magnitude of the tilts varies by up to 20% over distances of less
than 200 nm. In multiple-quantum-dot devices, where also the
electrodes are more complex, such variations occur as well and
can lead to significant challenges but possibly also opportunities
for scaling.l%? Recently, strain tensor components were also lat-
erally resolved for Si/SiGel®®! and Ge/SiGel®*! quantum wells in
a device at a lateral resolution of 50 to 60 nm.

Graphene is a potential alternative to Si for quantum-dot
qubits. Spin decoherence is reduced due to the low spin-orbit in-
teraction of carbon and due to the fact that only 1% of carbon
isotopes (1*C) carry a nuclear magnetic moment. Additionally,
the valley degeneracy of bilayer graphene provides an extra de-
gree of freedom for qubit realization.l® Valley state relaxation
times are over an order of magnitude longer than spin relaxation
times.[%°] Graphene quantum dots have been demonstrated using
bilayer graphene encapsulated in hexagonal boron nitride (hBN)
layers.[®*] A perpendicular electric field opens a bandgap in bi-
layer graphene, demonstrated at first by ARPES with synchrotron
radiation.[®®! The control of the gap by gating enables the forma-
tion of tunable multi-quantum-dot systems. In this way, triple
quantum dots have been demonstrated in bilayer graphene.*]
With micro- and nano-ARPES, electronic band structures can be
probed at sub micron spatial resolution.?*] Moreover, this spatial
resolution allows to monitor local changes in the electrical po-
tential and the Fermi level while a gate voltage is applied which
makes micro-ARPES an in-operando method as shown already
in Figure 2g.

While the low spin-orbit interaction in graphene due to the low
atomic number of carbon is an advantage leading to low spin de-
coherence, other 2D materials with higher spin-orbit interaction
would enable faster operation of spin qubits. Transition-metal
dichalcogenides have larger bandgaps (1.5 to 2.5 eV) than bilayer
graphene. Like with graphene, quantum dots can be defined by
electrostatic gating. A quantum dot of seven-layer WSe, has been
demonstrated.[®®] In-operando ARPES can reveal band bending
and the change of the band structure upon gating. For monolayer
W Se,, the gap increases by several 100 meV upon application of
the gate voltage.[?]

3.1.3. Topological Qubits

Topological qubits shall enable fault-tolerant quantum computa-
tion. The quantum gates involve the braiding of degenerate non-
Abelian anyons. The fault tolerance stems from the fact that the
unitary transformations resulting from braiding depend only on
the topological class of the braid rendering the encoding and pro-
cessing of quantum information nonlocal.[*”] The topological im-
munity is protected by an energy gap and a length scale.’”) One
realization of the non-Abelian anyon is a Majorana zero mode,
i.e., a midgap excitation.

Different material platforms for Majorana zero modes have
been suggested such as GaAs/AlGaAs quantum wells for a v =
5/2 fractional quantum Hall system!”!] and the proposed p, + ip,
superconductor Sr,Ru0,!”? which has extensively been studied
by ARPESI”3] but has not been confirmed as p -wave superconduc-
tor. ARPES plays an important role in investigating other mate-
rial candidates. Another platform is a quantum anomalous Hall
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(QAH) insulator in contact with an s -wave superconductor. For
this arrangement a chiral Majorana zero mode is predicted!’*]
and a braiding procedure for 1D Majorana zero modes has been
proposed.[”>] Early reports of the observation of chiral Majorana
zero modes via half-integer Hall plateaus could not be confirmed.
Reproduction of 30 samples did confirm the half-integer Hall
plateaus but unlikely caused by chiral Majorana zero modes.!”®!
We will further discuss the QAH insulator in the context of quan-
tum metrology in Section 3.2.

A topological superconductor may as well be induced at the
interface of conventional materials. The currently favored plat-
form is a semiconductor nanowire structure in contact with
a superconductor.””78] The superconductor is conventional (s-
wave) and the semiconductor must have a strong Rashba-type
spin-orbit interaction which is gapped at the Kramers point by
an external magnetic field. Evidence of Majorana zero modes
in InSb nanowires has been claimed in 2012.7°! The zero bias
peak s atleast consistent with an interpretation as Majorana zero
mode. However, outstanding next steps are the proof of exponen-
tial localization at the ends of the wire and the non-Abelian braid-
ing. One of the challenges is the growth and characterization of
the nanowire.

Cylindrical nanowires can be grown by electrochemical depo-
sition inside channels of ion-track-etched polymer membranes.
Bi, Te, nanowires with 100 nm diameter have been investigated
individually with nano-ARPES.[3% At 100 eV photon energy a spa-
tial resolution of 120 nm was achieved in ARPES as well as in
core-level spectroscopy.

Heterostructured semiconductor nanowires are important for
various quantum effects. Core-multishell GaAs/AlAs nanowires
have been grown which incorporate a quantum ring structure.
They are a suitable platform for manifestations of the Aharonov-
Bohm effect of neutral and charged excitons.®!] For Majorana
devices,”’! in addition to the material requirements for bandgap
and mobility met by InSb, the nanowire geometry and electronic
quality pose challenges, such as diameter below 100 nm and
length of several micrometers and a few 100 nm electron mean
free path.[®?]

Simulations predict more complex strain distributions and
higher strain tolerance in nanowires than in 2D films.33] This
is due to strain relaxation at the surface but has been diffi-
cult to investigate experimentally so far. Both radially and ax-
ially heterostructured nanowires can be studied by scanning
XRD. Recently, an axially segmented GaInP-InP heterostruc-
tured nanowire with 190 nm diameter has been investigated, see
Figure 5 (a,b).3384 From segments with length from 45 to 170
nm, strain maps with 0.01% relative strain sensitivity have been
obtained which would be challenging to quantify with transmis-
sion electron microscopy.®*! Strain maps are derived from the
local deviation of the lattice constant. The total range of mea-
sured strain is about 0.14% (InP segments) and 0.42% (GalnP
segments).®*] The InP segments are compressively stressed by
the GalnP segments in the radial direction so that they should in-
tuitively be expanded in the probed axial direction. However, the
strain distribution turns out significantly more complex. While
the shortest InP segment practically adapts to the surrounding
GalnP segments, the two larger segments reveal indeed the lat-
tice expansion in the axial direction near the surface but away
from the surface the strain is compressive.®3] In addition to
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Figure 5. Semiconductor nanowires and interfaces. a,b) Scanning X-ray diffraction and Bragg projection ptychography. Experimental results and simula-
tions of a single heterostructured nanowire. (a) Reproduced under the terms of CC BY 4.0 license.[®3] Copyright 2020, Springer Nature, (b) Reproduced
under the terms of CC BY 4.0 license.[3*] Copyright 2024, Wiley-Blackwell. ¢, d, e) Soft-x-ray ARPES to determine the momentum-resolved band offset at
a buried superconductor-semiconductor interface. Reproduced under the terms of CC BY 4.0 license.[#*] Copyright 2021, American Association for the

Advancement of Science.

the strain, small variations in the local lattice tilt are resolved
(Figure 5a). Most recently, 2D Bragg ptychography has been used
to produce higher resolution images of the nanowire (40 nm
resolution compared to 100 nm with nano XRD). This also offers
improved strain resolution, see Figure 5b.

The enhanced probing depth of ARPES in the soft-X-ray range
allows it to probe buried layers. Epitaxial films of superconduct-
ing NDN on semiconducting GaN have been probed by this
method,®! see Figure 5c,d,e. The Schottky-barrier height ob-
tained from photoemission was found to be in agreement with
electronic transport and optical measurements.!%5] Most impor-
tantly, the Fermi level states in NbN involved in the superconduc-
tivity, turned out to be offset in momentum space from the states
at the valence-band maximum in the GaN and therefore do not
hybridize with them. Excluding potential poisoning of the super-
conductivity, this experimental finding puts forward the prospect
of NbN/GaN heterojunctions for quantum devices.[®’!

Superconductivity is modified on the nanoscale, e. g., the crit-
ical temperature of Sn increases by up to 10% in nanostructures.
In order to distinguish electronic from phononic effects, modifi-
cations of the phononic structure can be probed by synchrotron
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radiation. Nuclear inelastic scattering probes the phonon density
of states by excitation of nuclear levels with highly monochro-
matic X-rays (e.g., 23.8 keV with sub-meV resolution for '?Sn)
and measurement of the deexcitation.!®¢%”] Intriguing is also the
enhancement of the critical temperature of FeSe at interfaces, e.g.
with SrTiO,.[®] The electron-phonon coupling in FeSe could be
studied in detail by coupling ultrafast photoemission and XRD.
XRD with an X-ray FEL tracks the light-induced femtosecond co-
herent lattice motion at a single phonon frequency, and photoe-
mission monitors the subsequent coherent changes in the elec-
tronic band structure.[®]

We mentioned above the QAH insulator in contact with an s
-wave superconductor. The proximity of a topological insulator
and the s -wave superconductor is expected to lead to a topological
superconductor. To study the superconducting proximity effect,
Bi, Se; topological insulator films have been grown on supercon-
ducting NbSe,,*® Figure 6a. Six quintuple layers of Bi,Se; were
needed to avoid hybridization of top and bottom layers, which is
required to maintain the nontrivial topology. The superconduct-
ing gap was confirmed by scanning tunneling spectroscopy.®”!
ARPES is needed to determine the position of the chemical
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Figure 6. Superconducting proximity for topological qubits. a) Proximity between an s-wave superconductor and a topological insulator can be used
as a building block for a topological qubit. ARPES can judge the presence of the nontrivial topology, of the superconducting gap, and of the energetic
alignment of the gaps. Six quintuple layers of Bi,Se; on NbSe, are confirmed to remain topological. Reproduced with permission.[?®! Copyright 2012,
American Association for the Advancement of Science. b) Symmetrized ARPES spectra of interfaces of n-doped Bi,Se; and bulk insulating (Bi;.,Sb,),Tes
with superconducting Nb indicate that bulk states are required to transmit the superconductivity to the surface of the topological insulator. Reproduced

with permission.I® Copyright 2020, American Physical Society.

potential because the superconducting gap and the gap of the
topological insulator need to be aligned. Recently, Bi,Se, has
been compared to bulk insulating (Bi,Sb), Te; on Nb metal,[*!l see
Figure 6b. It was concluded that bulk states are required to trans-
mit superconductivity to the surface of the topological insulator.

3.1.4. Molecular Qubits

Molecular spins can be employed for quantum computation,
quantum simulations and sensing.['>?2-°] In contrast to the ap-
proaches discussed above, chemical synthesis can enable bottom-
up creation of quantum systems taking full advantage of the
quantum properties on the atomic length scale.®*] Many interest-
ing and complex structures were realized, achieving a remarkable
degree of control on the Hamiltonian and coherence times. In
particular, coherence times close to a millisecond were observed
at low temperatures in a vanadium complex and supramolec-
ular structures containing a significant number of qubits were
investigated.['®] Often the magnetic core of molecular spins con-
tains few magnetic ions coupled by exchange and dipolar inter-
actions. Transition-metal, lanthanide, and actinide ions as well
as organic radicals were exploited as building blocks of magnetic
molecules. For instance, the entanglement between two molec-
ular qubits, each containing eight interacting transition metal
ions, was investigated by neutron scattering.[%!

An emerging characteristic of molecular spins that is very in-
teresting for quantum technologies is the fact that they are typi-
cally characterized by a sizable number of low-energy states that
can be coherently manipulated. Hence, these molecular systems
enable one to use d different levels and define qudits (quan-
tum states in d-dimensional Hilbert space), thus adding flexibil-
ity for quantum technologies. For instance, it has recently been
shown that it is possible to encode a logical qubit protected by
quantum error correction into a single molecular qudit,[**) thus
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possibly circumventing the explosion in the number of physical
qubits typical of most quantum error correction codes. Another
interesting application of molecular qudits is related to quantum
simulations, where the use of qudits can reduce the number of
error-prone two-qubit gates. The first working quantum simula-
tor based on molecular qudits has recently been demonstrated.[’]

Synchrotron-radiation-based techniques can help in address-
ing key issues for molecular qubits and qudits, ranging from the
characterization of molecules to the understanding of quantum
phenomena and relaxation. A controlled deposition of a mono-
layer of molecular qubits on a surface is often a mandatory step
for quantum devices. However, key issues can arise from the
possible unwanted changes in the spin Hamiltonian during this
deposition. Here, XMCD is an invaluable tool to characterize
the Hamiltonian of molecules in the monolayer. For instance,
the magnetic anisotropy of individual molecules in the mono-
layer was investigated as a function of the orientation of the ap-
plied magnetic field.”®! The findings were found in good agree-
ment with spin Hamiltonian simulations, confirming that the
deposited molecules preserve the main characteristics of their
Hamiltonian. Another interesting use of synchrotron-radiation-
based spectroscopic techniques in molecular spins was the de-
tection of resonant quantum tunnelling of the magnetization in
a monolayer.[”]

A noteworthy recent result was obtained on the Fe(pypypyr),
(pypypyr = bipyridyl pyrrolide) molecule. This is a newly synthe-
sized low-spin (S = 0) complex that can be evaporated in vac-
uum. NEXAFS at the Fe L;-edge (709 eV) is very sensitive to the
spin state of Fe(II) compounds. At 8 K, the soft-x-ray illumina-
tion together with 2.38 eV visible light creates a second intense
feature, characteristic of the high-spin state, see Figure 7a.[1%l
While the low-spin state is without illumination stable up to
at least 510 K, the light-induced high-spin state (S = 2) has a
lifetime of several hours (Figure 7b!1%l), orders of magnitude
more than would have been expected based on the inverse energy
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Figure 7. Molecular magnets. a,b,c) Near-edge X-ray absorption fine structure allows distinguishing high- and low-spin states of an Fe(Il) complex and
reveals a very long lifetime of the light-induced high-spin state. Reproduced under the terms of CC BY 4.0 license.l'%! Copyright 2023, RSC Publishing
d,e,f) Inelastic X-ray scattering for phonon dispersions of a vanadyl porphyrin complex molecular qubit molecule. Vibrations with very low phonon energy
are identified as a reason for spin relaxation. Large (red) and small distortion (orange) associated with the first optical mode at the I'-point are shown

versus the equilibrium structure of the molecule (yellow).Reproduced under the terms of CC BY 4.0 licens

gap law.'%! This is explained by a structural rearrangement, see
Figure 7¢.[100]

A critical point of most quantum technologies is to reduce re-
laxation and increase the coherence times of qubits. The main
source of relaxation in molecular spin qubits and qudits are vi-
brations. In order to reduce spin relaxation and decoherence due
to vibrations, it is important to understand the relevant vibra-
tions and their coupling to spins.l'®?l To this end, a radiation-
robust vanadyl porphyrin complex has been studied. This spin
system is a promising molecular qubit/qudit, and it forms also
dimeric species where the two electronic spins are distinguish-
able and exchange coupled to implement quantum gates.!'%] In-
elastic x-ray scattering (IXS) for phonon dispersions along the
main symmetry directions of the crystal was conducted as well
as spin dynamics simulations by density functional theory, see
Figure 7d,e,f.[192] IXS was used for the first time on a molecu-
lar nanomagnet. The advantage over neutron scattering is that a
small crystal can be used and that molecules with high H con-
centration can be probed. Intra-molecular vibrations with very
low energies of 1-2 meV are identified as responsible for spin
relaxation, see Figure 7d,e,f.

3.2. Quantum Metrology
The quantum Hall effect provides quantization of the Hall con-

ductance with integer multiples of e?/hl'% and hence plays an
important role in metrology.l'%! The QAH effect allows the ob-
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e.[192] Copyright 2023, Springer Nature.

servation of nonzero integer Hall conductance without external
magnetic fields provided typically by superconducting magnets.
The QAH effect has been realized for the first time with the ad-
vent of topological insulator materials.['%] ARPES is used to ver-
ify the nontrivial topology, which is particularly relevant when
the chemical composition is modified by magnetic doping, see
Figure 8, and also the status of charge doping which is crit-
ical for the transport signature.'””) The QAH effect has been
demonstrated in epitaxial films of the ferromagnetic topologi-
cal insulator Cr-doped (Bi,Sb),Te;.[1%] With respect to its metro-
logical applications, in films of V-doped (Bi,Sb),Te;, a quanti-
zation of the Hall resistance that deviates from the von Klitz-
ing constant h/e? by only 0.17 + 0.25 ppm has been achieved
at zero magnetic field."% For a quantum resistance standard,
however, an uncertainty on the order of 1 ppb is required!1%*11
which demands further progress in materials science of QAH
insulators.

Materials limitations concern the low operation tempera-
ture of 1 K in Cr- and V-doped (Bi,Sb),Te;, connected to the
disorder due to random magnetic doping. XMCD and res-
onant photoemission!!! at the vanadium L-edge have been
used to characterize the magnetic and electronic properties of
these systems element specifically.[!'213] Details of the bulk
bandgap formation that may explain the limited operation tem-
perature have been revealed by ARPES, see Figure 8g.'*]
With the discovery of intrinsic, i.e., stoichiometric, ferro-
magnetic topological insulators!!®! it has been possible to
overcome this temperature limitation, see Figure 8c,d. In
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Figure 8. Quantum anomalous Hall (QAH) effect with ferromagnetic topological insulators. Left: random substituted magnetic topological insulators.
a) X-ray magnetic circular dichroism of V-doped (Bi,Sb), Tes. €) Contributions of different configurations to the ground state. h) Crystal structure of V/Cr-
doped Sb,Te; consisting of stacked quintuple layers. Reproduced with permission.['12] Copyright 2020, American Physical Society. b) QAH plateaus
of Cr-doped (Bi,Sb),Te; showing the advantage of modulation doping of Cr. The sample consists of 5 layers of which only the green layers are Cr
doped. Reproduced with permission.['1”] Copyright 2015, AIP Publishing. g) ARPES showing the topological surface state and bulk states possibly
degenerate with the magnetic gap which may be detrimental to operation at elevated temperature. Reproduced under the terms of CC BY 4.0 license.[114]
Copyright 2016, Springer Nature Right: stoichiometric magnetic topological insulators. c) ARPES of the stoichiometric heterostructure MnBi, Te, /Bi, Tes.
d) Spin resolution shows the opening of the magnetic gap of the topological surface state at the Dirac point. k) Transmission electron microscopy of a
MnBi,Te,/Bi, Te; heterostructure. Reproduced with permission.['13] Copyright 2019, Springer Nature. f,j) QAH plateaus of 5 septuple layers MnBi, Te,.
Reproduced with permission.['18] Copyright 2020, American Association for the Advancement of Science.

mechanically exfoliated MnBi, Te, the QAH effect occurs up to

4. Optical Quantum Devices
1.4 K without and up to 6.5 K with a small applied magnetic

field.[116]

Moreover, the QAH effect has recently been observed in
stacked 2D materials with moiré structure due to orbital ferro-
magnetism: in twisted bilayer graphene,[1'®11] ABC-stacked tri-
layer graphene on hBN,['2] and MoTe, /W Se, moiré bilayers.!1?!]
The properties of twisted bilayer graphene and the occurrence
of the QAH effect!'’®19] depend critically on the twist angle.
Spatially resolved ARPES!*] is instrumental in determining the
flat-band formation which underlies the emergence of orbital
ferromagnetism.

Adv. Funct. Mater. 2026, 36, 01043 e01043 (13 of 24)

Optical quantum devices harness the quantum properties of light
and matter for various applications. Similar defects to the ones
employed for qubits can be used but in contrast to the example
of P in Si mentioned above, deep in-gap states in large-gap mate-
rials are preferred where the transmission of photons is high. The
weak interaction of optical photons with the environment leads
to large coherence times enabling quantum communications ap-
plications. The light can read out specific quantum states within
the solid to perform tasks such as sensing magnetic fields with
unprecedented sensitivity.
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Figure 9. Nitrogen-vacancy (NV) centers for quantum sensing. a) Schematic of the NV center and diamond lattice depicting the vacancy (transparent),
the nearest neighbor carbon atoms to the vacancy (green), the substitutional nitrogen atom (brown), and the next-to-nearest carbon neighbors to the
vacancy (black). Reproduced with permission.l'?’! Copyright 2013, Elsevier. b) Normalized emission spectra of an ensemble of NV~ and NV? centers at
10 K for different excitation (532 nm) powers as indicated. Reproduced with permission.[128] Copyright 2005, Elsevier. c) Different surface treatments of
diamond are compared by oxygen K-edge NEXAFS: blue for triacid cleaned and red for oxygen annealed. The light polarization dependence gives access
to the degree of order of the oxygen species in the near-surface region. Reproduced under the terms of CC BY 4.0 license.['?] Copyright 2019, American

Physical Society.

4.1. Quantum Sensing

Nitrogen NV centers in diamond constitute a platform for
quantum sensing as well as quantum communication and
cryptography.'?2] In magnetometry, a sub-picotesla sensitivity for
dc fields has been reached.'”) If the NV center is near the sur-
face, it can serve as a sensor with subnanometer resolution.!!2*]
However, near the surface, the NV centers are subject to noise
from defects at the surface. One problem is that a perfect
diamond surface is difficult to achieve due its hardness.
An improvement has been achieved with the help of lab-
based Ultraviolet Photoelectron Spectroscopy (UPS) and XPS
and carbon and oxygen K-edge NEXAFS with synchrotron
radiation.l'?’]

NEXAFS probes the density of unoccupied states near the
surface, UPS gives the Fermi energy and electron affinity, and
XPS provides information about the chemical state of the sur-
face termination.'”] The oxygen NEXAFS in Figure 9c shows a
strong dependence on the light polarization indicating well or-
dered oxygen species at the surface.l'”] The carbon NEXAFS in
Figure 9c shows independently of the surface treatment (blue for
triacid cleaned and red for oxygen annealed) extra peaks, one
at 285 eV that is assigned to sp? carbon, and one at 286.5 eV
assigned to oxygen termination.'?l However, the triacid-cleaned
surface shows a 2.4 times higher density of unoccupied states
below the conduction band edge, potentially acting as electronic
traps that contribute to magnetic and electric field noise.'?!
With the help of the surface-science synchrotron-radiation tech-
niques, it was possible to improve the coherence of near-
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surface NV centers but they remain far from typical bulk
values.

Defect levels, such as NV centers in diamond (and VV° cen-
ters in SiC) are sensitive to local charge as well as magnetism,
crystal symmetry and strain which affect the performance of the
spin defect.['?] Stroboscopic scanning XRD microscopy was em-
ployed for real-space imaging of dynamic strain used in corre-
lation with microscopic photoluminescence measurements.['3l
Using nano-focused X-ray photon pulses synchronized to a sur-
face acoustic wave launcher, an effective time resolution of 100 ps
was achieved at a 25 nm spatial resolution.['*") In 4H-SiC, excited
levels of the neutral VV° defect can be manipulated and split with
small crystalline strain (< 1076).1131 The acoustically induced lo-
cal lattice distortions were correlated with enhanced photolumi-
nescence responses of optically active 4H-SiC quantum defects
driven by local piezoelectric effects.!t3]

In the framework of deterministic synthesis of spin de-
fects in large-bandgap materials,'®! focused ion beam nano-
implantation has been combined with strain.sensitive X-ray
imaging on the nanoscale (<25 nm).'¥?] A tensile nano-
implanted core was found surrounded by a compressively com-
pensating bulk with peak local strains of about 107> to 2 - 107*.
Annealing reduces both the tensile and compressive strain com-
ponents by an order of magnitude.['*?) An increasing number of
high-temperature superconductors has been discovered at very
high pressures (of the order of Mbar), where tiny (about micron
sized) samples are compressed in between the tips of two dia-
mond anvils. A reliable and reproducible characterization of the
signatures of superconductivity at such extreme conditions has
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Figure 10. Quantum emitters. a) Secondary-electron microscopy image of a hBN flake with single photon emitters (inset). Reproduced with
permission.!13%] Copyright 2017, American Chemical Society. b) Photoluminescence and second-order autocorrelation function. c) Schematic illustration
of the nitrogen-antisite vacancy center, NgVy. Reproduced with permission.I’>'l Copyright 2018, The Royal Society of Chemistry. d) Resonant inelastic
X-ray scattering (RIXS) of hBN with single photon emitters as compared to pristine hBN (green). e) Diagram of the generalized RIXS process at the
N-K edge. Reproduced with permission.!'#6] Copyright 2024, Springer Nature. f, g,h) Gate-switchable arrays of single-photon emitters in a contacted
MoS, monolayer device. Reproduced with permission.['>2] Copyright 2021, American Chemical Society. i) Switching from direct to indirect gap with the
thickness in MoS, revealed by ARPES with micrometer resolution. Reproduced with permission.!'#8] Copyright 2016, American Chemical Society.

proved to be difficult, leading to many controversial results (see,
e. g. ref. [133]).

NV centers act as sensors because their energy levels and the
associated spectra are sensitive to strain and magnetic fields.
NV microsensing during high pressure synthesis can in princi-
ple be easily combined with synchrotron-radiation XRD to cor-
relate the magnetic or superconducting properties with a well-
defined crystallographic structure. Therefore, this method holds
great promise to shed light on the controversies in this field of
research. Although there have been advances in recent years, the
combination of NV magnetometry and XRD to unambiguously
characterize both the atomic structure and the superconducting
nature of a sample subject to megabar pressures has not yet been
reported. One of the challenges that until recently prohibited the
application of this method at megabar pressures was the exis-
tence of stress in the diamond anvil, which reduces the intensity
of the magnetic response of NV centers localized at the anvil tip,
setting an effective limit of about half a megabar to the appli-
cability range of these sensors. This has now been solved using
different approaches, with the demonstration that it is possible to
use NV centers above the megabar and for the moment without
a set pressure limit.[13+-136]

4.2. Quantum Communication and Cryptography
Quantum communication involves several aspects of commu-

nication tasks with the help of quantum mechanics such as
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quantum teleportation and quantum networking. An impor-
tant part is quantum cryptography.'’] Quantum key distri-
bution is the most established and practically implemented
aspect of quantum cryptography. It provides a way for two
parties to generate a shared, random secret key that can be
used for encrypting and decrypting messages. A central fea-
ture of quantum key distribution is its ability to detect any at-
tempt of eavesdropping. An eavesdropper’s interference with the
quantum states used in key distribution introduces detectable
anomalies. Deterministic single-photon sources will probably
be of relevance in advanced quantum key distribution proto-
cols offering ultimate security. Device-independent quantum key
distribution!"3®! is one such protocol and requires very efficient
sources of highly indistinguishable photons for entanglement
generation.[13]

An important source of single photons are diamond NV cen-
ters which we addressed in Section 4.1. Practical difficulties such
as with growth and lithographic structuring lead to the explo-
ration of alternative materials. Recently, bright quantum emit-
ters stable at room temperature!'%*1] and up to 800 K!'*?] have
been discovered in hBN. Figure 10b shows for hBN the photo-
luminescence and the second-order correlation function, g(z),
which correlates arrival times of photons that reach a detector.
The signature of a single-photon emitter is a characteristic dip
in g?(z). The relevant defects in hBN are still under debate but
one model is N;Vy, i. e., one N substituting B and a vacancy
at the N site.['¥3] These defects are also promising for the devel-
opment of 2D quantum sensing units. Magnetic imaging with
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hBN flakes and negative boron-vacancy centers has already been
demonstrated.['**]

RIXS is a powerful bulk-sensitive technique to determine
the low-energy charge, spin, orbital, and lattice excitations of
solids.''l In quantum materials, the entanglement of differ-
ent degrees of freedom is of particular interest. Recently, the
dependence on strain in RIXS measurements has been applied as
a tool to reveal this entanglement for the example of Sr,1rO,.[}*]

Recently, defective hBN has been characterized versus the
pristine hBN by RIXS, see Figure 10d,e.['*] Measurements per-
formed at the z* antibonding orbitals of nitrogen reveal a funda-
mental excitation E, at 285 meV that generates harmonics with
energy E, = nE, (n=1,2, 3,...) ranging from the mid-infrared up
to atleast 2.5 eV. The correlation between the harmonics in RIXS
and donor-acceptor-pair recombination transitions in photolumi-
nescence indicate that most of the quantum emitters in the hBN
have a common origin in the N z* orbitals.

A second type of single-photon emitters in layered materi-
als are bound excitons that are confined to zero dimensions in
a quantum dot due to local strain or a defect. A free exciton
can be excited which is then trapped by the quantum dot. Ex-
citons are common in transition-metal dichalcogenides. Here,
the interest is due to the fact that they form direct band gaps as
monolayers,!1*7] a property that can be verified directly by ARPES,
see Figure 10i (1 to 3 monolayers of WSe,). By spatially-resolved
ARPES, the position of the valence band maxima in the Bril-
louin zone and (after alkali metal doping) of the conduction band
minima have been determined for MoS,, WS,, and WSe,.1*8] Tt
is seen in Figure 10i that in MoS, the valence band maximum
switches from K to I' when the thickness increases from mono-
layer to bilayer.'*®] Similarly, in ReS,, a direct gap in the mono-
layer and bilayer becomes an indirect gap in the bulk.'*] Spin
resolution in ARPES is important for these high-spin-orbit mate-
rials to identify the interplay of charge, spin and orbital degrees
of freedom.[”]

4.3. Quantum Optics in the X-ray Range

There is a broad research field at the intersection of quantum
optics and synchrotron radiation. A key ingredient in quantum
optics is coherence, which we discussed already above in the con-
text of quantum control in the THz range and for X-ray imaging.
Another important aspect is the control of field modes. In visi-
ble light, the control of orbital angular momentum is advanced
and promises use in classical and quantum communication.!***]
Orbital-angular-momentum control has been proposed for un-
dulator radiation in the X-ray range in 2008!'>*] and was demon-
strated for soft X-rays, see Figure 11a.'>*] One of its advantages
will in the future be to access so far forbidden transitions in spec-
troscopy, for example between s and d orbitals. Orbital angular
momentum is also relevant for entanglement since photon pairs
generated by parametric down-conversion are entangled in or-
bital angular momentum.*>°]

The narrow linewidths of nuclear resonances are ideal for
transferring concepts of quantum optics to the X-ray range, in
particular if one embeds the nuclei in an X-ray cavity.'®!! The nu-
clear transition of lowest excitation energy is the first excited iso-
metric state of 2°Th and falls in the vacuum ultraviolet range typ-
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ically covered by synchrotron radiation and high-harmonic gen-
eration lasers. It has been determined as 8.28 eV and allows the
nuclear excitation by lasers.!'%2] This may enable the development
of a nuclear optical clock of unprecedented accuracy with an es-
timated linewidth of E/AE ~ 10% for relativistic geodesy, dark
matter research, and the observation of potential temporal varia-
tions of fundamental constants.['%]

Another aspect of quantum optics transferred to X-ray ener-
gies is nonlinear optics. Parametric down-conversion has been
demonstrated early on with X-ray tubes,['®*] and the availabil-
ity of ultrashort brilliant X-ray pulses at FELs has boosted the
field and enabled the demonstration and use of further nonlin-
ear effects.[1°7158161L164] Parametric down-conversion is an impor-
tant source for entangled photons in the visible range and en-
ables entangled X-ray photons as well™®) but the coincidence
count rates are very low and only phase matching has been
demonstrated so far with the proof of quantum entanglement
still outstanding.['%!) However, ghost imaging with photon pairs
from parametric down-conversion, demonstrated at first for vis-
ible light,*%] has been performed with X-ray photon pairs.[*¢®]
The experiment, which imaged the widths of two different slits,
made use of the insight that the width of the measured para-
metric down-conversion spectrum is proportional to the width
of the used slit.['%] Quantum-enhanced X-ray imaging has been
demonstrated recently.[*”] Strong quantum correlations between
photons generated by X-ray parametric down-conversion were
used to enhance image contrast, even in the presence of noise
exceeding the signal by several orders of magnitude. Similar ap-
proaches could benefit other X-ray-based research, such as study-
ing material defects or determining biomolecular structures.

X-ray second harmonic generation was theoretically proposed
in 2003['%8] and demonstrated in 2014.11%°] At the SACLA X-ray
FEL, a pump beam at 7.3 keV was used to generate a second
harmonic at 14.6 keV. Phase matching was achieved by using
the reciprocal lattice vector normal to the (220) lattice planes
of diamond.[1%"161] Mixing of X-ray and optical waves has been
demonstrated with 8 keV X-ray and 1.5 eV laser pulses!!®! as
well as in the vacuum ultraviolet range (with 44.9 and 3.1 eV
pulses).[1]

5. Quantum Computing for Synchrotron Radiation

While the sections above demonstrate that synchrotron radiation
is instrumental for the advancement of quantum technology, one
of its core components—quantum computing—holds significant
potential to enable new paradigms in data analysis, simulation,
and control within synchrotron-radiation and FEL facilities.

This has recently been considered in high-energy physics
where quantum computing is a perspective for nonperturbative
many-body real-time simulations of lattice gauge theories, for the
extraction of rare signals from background events, and for the re-
construction of particle trajectories.['”%l Quantum algorithms and
quantum simulations(”! could aid in optimizing accelerator op-
erations, potentially improving beam optimisation, control, and
other computationally expensive processes.

Quantum computing applied to synchrotron and FEL science
will accelerate scientific discovery at these facilities, and will be
particularly relevant to high-throughput photon sources, such as
diffraction-limited storage rings and high-repetition FELs, which
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Figure 11. Quantum optical control in the X-ray range. a) Orbital-angular-momentum beam as emitted from an elliptical undulator at BESSY at 99
eV. Reproduced with permission.l’>3] Copyright 2013, American Physical Society. b,d) Stimulated soft-x-ray emission at 115 eV from FLASH. Repro-
duced with permission.[”] Copyright 2013, Springer Nature. c) Parametric down-conversion with 18 keV pump photons from SSRL. Reproduced with
permission.[158] Copyright 2012, American Physical Society. e,f) Four-wave mixing of vacuum ultraviolet pulses of 44.9 eV at FERMI creating a transient
optical grating interacting with 3.15 eV photons. Reproduced with permission.[’>°! Copyright 2015, Springer Nature. g,h,i) Second-harmonic generation
(7.3 and 14.6 keV) at SACLA. Reproduced with permission.['%% Copyright 2014, American Physical Society.

presently can exceed 1 petabyte of data collected per day, and
which rely on real-time information to optimally steer experi-
ments. In this case, quantum computing could expedite certain
tasks such as the identification of the scientifically valuable frac-
tion of collected data, or the interpretation of the outcomes of
an experiment, with transformative implications with respect
to the quality and quantity of scientific results and the time to
achieve them. By using such methods on data offline, new strate-
gies could be developed to evaluate the data quality amongst col-
lected datasets. With such information, more robust data reduc-
tion methods could be developed to tackle the large data volumes
produced, thereby increasing the data quality density.

Among data-intensive techniques that could be transformed
by quantum computing are XRF, coherent diffraction imaging,
STXM, NEXAFS, and X-ray tomography, which already have
emerging quantum computing counterparts.[7]

For instance, quantum computing could significantly en-
hance the processing and interpretation of complex spectral data
in XRF, where it can rapidly analyze element-specific signals
across varying oxidation states. In coherent diffraction imag-
ing, quantum-computing-powered simulations could facilitate
high-resolution 3D imaging reconstructions, providing detailed
structural insights into materials without iterative data refine-
ment. In STXM and NEXAFS, the ability of quantum com-
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puting to simulate electronic structures could lead to more
precise analyses of molecular and electronic configurations.
Quantum computing could also accelerate tomographic recon-
structions, enabling faster imaging and real-time applications
in dynamic systems or high-throughput experiments. Existing
quantum-computing algorithms such as for optimisation like the
Quantum Approximate Optimization Algorithm (QAOA),['73]
searching,'7* and (quantum) Fourier transformations,!'”®! are
already implementable in commercially available systems, al-
beit with known limitations. Classical implementations of these
algorithms are essential computational elements for many
synchrotron-radiation techniques—including computer X-ray to-
mography, STXM, and XRF—thus their quantum computing
equivalents have direct application potential.

Beyond core mathematical operations like those mentioned
above, broader quantum computing fields are applicable to
synchrotron-radiation research. Notably the interdisciplinary
field of quantum machine learning at the intersection of
quantum computing and machine learning inherits the appli-
cability of the latter in synchrotron radiation.['%7”] Machine
learning significantly impacts synchrotron facilities, hav-
ing demonstrated beam stabilization through feed-forward
correction using neural networks,!'’8] improved daily beam-
line operations, enhanced applications in X-ray absorption,
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scattering, and photoemission,718%  facilitated quantum-
material  discovery,'®!) accelerated multimodal scanning
strategies,!'®2] and automated experimentation via feedback
loops.8] Similarly, machine learning has been applied across
a range of areas at X-ray FEL facilities, including online data
analysis and signal extraction,’® the detection of phase
transitions,[’®] and virtual diagnostics aimed at improving data
quality and enabling automated calibration.['8]

The integration of machine learning with quantum computing
may offer further advantages, combining the processing power
of quantum computing with the capacity of artificial intelligence
for pattern recognition and data extraction as shown in new out-
comes from quantum machine learning.['7%177:1%7] Early results
of significance exist for quantum material simulation!'81%9 sug-
gesting higher accuracy compared to machine learning methods.
Hybrid classical-quantum or pure quantum computing strate-
gies could lead to new approaches in data management and inter-
pretation, automating tasks like peak fitting, noise reduction, and
the real-time correlation of experimental parameters across large
datasets such as those used in ptychography and coherent diffrac-
tion imaging. Ultimately, the convergence of quantum comput-
ing, artificial intelligence, and synchrotron radiation techniques
could significantly benefit the field,['”% enhancing precision, ef-
ficiency, and breadth of insight across materials science, biology,
and beyond. Last but not least such progress may further increase
the impact that synchrotron-radiation facilities have in the ad-
vancement of quantum technologies.

Although quantum computing is at its early stages and
progress assumes the advent of large-scale, fault-tolerant devices,
new research exhibits results even with a single ancillary qubit
for state tomography for quantum simulation and computation
of scattering amplitudes.['*°! Encouraged by these advancements
and their potential, synchrotron-radiation facilities—including
Elettra, DESY, SLAC, and BNL—have taken strategic early steps
Dby establishing dedicated quantum computing divisions. Invest-
ing in this research now is essential to building critical mass in
the field, ensuring that facilities are well positioned to lead when
the technology reaches greater maturity.

6. Outlook

Materials and their interfaces enable quantum technologies, and
synchrotron- and FELradiation techniques offer the possibility to
better understand materials and interfaces and thus rationally op-
timize their performance. We therefore expect the significance
of materials science for quantum technology to increase and
synchrotron and FEL radiation to play an increasingly impor-
tant role.

As a relevant example, superconducting qubits illustrate this
point. We have mentioned above the advantages of Ta for super-
conducting qubits due to its stoichiometric oxide and the help of
depth profiling by XPS with synchrotron radiation. According to
ref. [1], there are about 20 more candidate materials already to-
day waiting to be explored, among them TiN and NbTiN. More
collaboration across fields can be expected. As an example, su-
perconducting radio frequency accelerators in FELs suffer from
dielectric loss due to oxides as well.

It has to be investigated which surface or interface affects T,.
Due to the ultralow operating temperatures of superconducting
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qubits, this cannot be done in operando. On the other hand, it
is important to study the effects of temperature and power cy-
cling. Ithas been pointed out that coherence times and gate fideli-
ties are useful parameters in assessing smaller units but do not
capture the requirements for operation of large-scale systems.!
Hence, coping with upscaling to a large number of qubits will be
a task for research involving testing, e.g., for variations in perfor-
mance.

Besides the mentioned two-level systems in dielectrics, the per-
formance of superconducting qubits is also limited by loss and
dissipation due to quasiparticle excitations from broken Cooper
pairs.l!] It has recently been achieved to measure an extremely
low pair breaking rate of 1.5 Hz."!l The experiment rules
out commonly suggested origins such as insufficient shielding
against stray light or ionizing radiation but the origin and dy-
namics are still unclear.'"]

For Si quantum dots, a future application of strain concerns
the question of enhanced valley splitting by shear strain. The val-
ley splitting in Si will be particularly important for system sizes
beyond two qubits.!'?] Tt has been predicted that shear strain will
enhance the splitting but the experimental confirmation is still
outstanding.['®] Insight into the structure around defects and
characterization of electronic states in the near surface region
(down to 3 nm) is demanded. This may also require multimodal
experiments from THz to X-rays and the combination of ion ir-
radiation and implantation facilities with synchrotron-radiation
methods. Synchrotron-radiation methods will also continue to
explore new lithography methods, such as extreme ultraviolet
(EUV) lithography using partially H-terminated Si.'% It is ex-
pected that a resistless EUV lithography method offers a promis-
ing route to nanometer-scale patterning by eliminating the res-
olution and roughness constraints associated with conventional
photoresist materials.

In general, we are poised to observe an expansion of the
materials spectrum for quantum technologies, encompassing
conventional semiconductors and superconductors as well as
quantum materials. The strong property-function correlation
inherent in quantum materials will become increasingly im-
portant. The topological superconductor has still to be iden-
tified where ARPES at low temperatures plays an impor-
tant role. An assessment of novel materials from an ap-
plied and electrical engineering perspective is necessary.'®
Benchmarking of established topological materials such as
Bi,Se; and Bi,Te; versus CMOS materials for applications
such as topological versions of the field effect transistor, p-n-
junctions, interconnects, and spin-orbit torque has recently been
undertaken.[*%]

In particular in quantum sensing and quantum communica-
tion, it appears that layered quantum materials, here 2D mate-
rials, are rapidly surpassing classical materials, here covalently
bonded 3D semiconductors, in performance. This can be seen
in color centers in hBN versus those in diamond. It has been
pointed out that it took less than three years from optical to elec-
trical excitation of quantum emitters in transition-metal dichalco-
genides and less than two years from the identification of local-
ized spins in hBN to coherent control.®]

While we have seen in the above the importance of strain and
its analysis by synchrotron radiation methods for conventional
materials in quantum technology, its importance for 2D layered
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materials is even greater.[1%] Strain control allows spectral tun-
ability of single photon emitters in a 100 nm thick hBN flake over
6 meV.'*!l This is crucial for reaching spectral overlap among dif-
ferent emitters. It was found that the achieved strain and pressure
tuning as well as Stark shift tuning in hBN are larger by almost
an order of magnitude than for defects in 3D systems such as
diamond.['**]

Recently, the G-center in Si has emerged as a promising spin
qubit candidate which, on the one hand, integrates in existing Si
platforms and, on the other hand, is also a single-photon emitter
in the telecommunications O-band. The defect consists of two
substitutional carbon atoms connected by an interstitial Si atom
and can be individually addressed.['”! The defect has been iden-
tified as bistablel'*®! which poses a particular challenge for struc-
tural investigations.

In operando methods will play an important role. This relates
to established sample environments such as high magnetic fields
but also electric fields, gating, current, and strain. Spatial resolu-
tion is important to distinguish the effects of the external stimuli,
e.g., in in-operando ARPES.[>*]

The field will benefit from further development of nano-
focused coherent diffraction imaging techniques and the po-
tential to image time-varying acoustic strain at sub-10 nm 3D
resolution near far-from-surface lattice defects.['*) The tilted
geometry of laminography allows to make additional use of
the stronger interaction of soft X-rays with matter, using con-
trast based on chemical sensitivity, oxidation states, and mag-
netic dichroism."®! As more diffraction-limited storage-ring
light sources come into operation, their higher coherent frac-
tion will enable these experiments on a regular basis. It can be
expected that synchrotron radiation will not only be used in re-
search and development but also in quality control, requiring in-
stallations for high-throughput techniques.

Finally, we can expect that FELs and X-ray FELs will play an
increasingly important role in the years to come, by providing
unique opportunities to probe ultrafast dynamics in quantum
materials and to develop new quantum-optics-based methods in
the X-ray regime.

A revolutionary breakthrough in the application of X-ray
FEL radiation in the field of quantum technologies can be
expected with the onset of operation of X-ray free electron
laser oscillators (XFELO). These promise to deliver fully co-
herent X-ray FEL pulses, with spatial and temporal coherence
similar to optical lasers.[2%021] Such sources will represent a
new paradigm for X-ray FEL radiation with outstanding radi-
ation characteristics: orders of magnitude higher peak spec-
tral flux than self-amplified spontaneous emission (SASE) and
higher shot to shot stability than self-seeding. In a self-seeding
scheme, the SASE FEL radiation generated in the first part of
an FEL undulator is monochromatized and subsequently ampli-
fied to its final properties in the second part. This allows to in-
crease the peak brightness of SASE X-ray pulses and decrease
their spectral bandwidth, thereby leading to enhanced temporal
coherence.[202-204]

Already today, hard X-ray self-seeding has led to unprece-
dented spectral brilliance (approximately 10-fold increase with re-
spect to SASE), enabling for the first time the detection of the 1.4
femto-eV linewidth of the nuclear isotope *°Sc.l2] XFELO radi-
ation will provide an additional approximately tenfold or more
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increase in spectral brilliance, boosting the cross section for exci-
tation of extremely narrow nuclear resonances and giving routine
access to a large variety of methods for transferring concepts of
quantum optics to the X-ray range. An example of immediate ap-
plication will be the proof of quantum entanglement in the x-ray
regime by parametric down-conversion: all attempts so far have
failed because coincidence count rates are too low.

Other applications likely to be revolutionized by XFELOs are
those utilizing ultra-fast spectroscopies at meV energy resolution
and necessitating very high signal-to-noise ratio to detect the dy-
namics of tiny changes in spin, electronic or vibrational degrees
of freedom. Examples are the detection of entanglement of dif-
ferent degrees of freedom in highly correlated electron systems
by RIXS, phonon dispersion in qubit molecules by IXS or the in-
vestigation of the correlation between intramolecular vibrations
(by IXS) and spin relaxation (by spin resolved ARPES) in crys-
tals. We can anticipate that many other open science questions,
many of them inspired by examples illustrated in this article, will
find answers through the routine deployment of XFELOs in the
coming decade.
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