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Abstract
Quantum circuits show unprecedented sensitivity to external fluctuations compared to their
classical counterparts, and it can take as little as a single atomic defect somewhere in a mm-sized
area to completely spoil device performance. For improved device coherence it is thus essential to
find ways to reduce the number of defects, thereby lowering the hardware threshold for achieving
fault-tolerant large-scale error-corrected quantum computing. Given the evasive nature of these
defects, the materials science required to understand them is at present in uncharted territories,
and new techniques must be developed to bridge existing capabilities from materials science with
the needs identified by the superconducting quantum circuit community. In this paper, we give an
overview of methods for characterising the chemical and structural properties of defects in
materials relevant for superconducting quantum circuits. We cover recent developments from
in-operation techniques, where quantum circuits are used as probes of the defects themselves, to in
situ analysis techniques and well-established ex situ materials analysis techniques. The latter is now
increasingly explored by the quantum circuits community to correlate specific material properties
with qubit performance. We highlight specific techniques which, given further development, look
especially promising and will contribute towards a future toolbox of material analysis techniques
for quantum.

1. Introduction

That defects in materials can have a negative effect on the performance of electronic devices has been known
since the birth of the electronics industry. Much of the materials science developed during the 20th century was
motivated by the need for better materials for the semiconductor industry. In these ‘classical’ devices, mate-
rial defects usually result in an increased noise level and they can be designed to be nearly impervious to the
presence of a small number of defects. Quantum circuits, such as superconducting qubits, differ from their
classical counterparts in two important ways: they are sensitive to a very small number of defects (sometimes
even single) [1, 2], which not only reduces performance but could also make the device completely inop-
erable. Quantum circuits thus raise the bar when it comes to the level of control and understanding of the
materials that are needed to successfully implement useful circuits, prompting a new paradigm for materials
science [3].

The deleterious effects of defects in superconducting circuits have been known and studied for decades
[4] and it came as no surprise when they were also seen in the pioneering experiments on superconducting
qubits [5–7]. Due to the design and limited coherence of these early circuits the effects were typically seen as
broadband charge- or flux noise. However, in later experiments on phase qubits coherent coupling to defects
in the junction barrier was frequently observed [8]. These experiments unequivocally showed that even a sin-
gle defect could strongly couple to, and interfere with the operation of, qubits and other quantum circuits.
They also showed that these defects, whatever their origin, could behave as prototypical two-levels systems

© 2022 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/2633-4356/ac78ba
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9815-8030
https://orcid.org/0000-0001-7032-2433
https://orcid.org/0000-0002-8931-5740
https://orcid.org/0000-0003-1861-6551
mailto:sdg@npl.co.uk


Mater. Quantum Technol. 2 (2022) 032001 Topical Review

(TLSs), that is, systems that can be modeled as having two possible configurations separated by an energy dif-
ference 2Δ and connected by a tunneling energy Δ0. It was already well known that lossy dielectrics and other
glassy systems could be modeled as a bath of effective TLS [9], which couple via strain and dipole moment.
The resulting phenomenological standard tunneling model was shown to be consistent with experiments
[10, 11], and it became obvious that for qubits the properties and location of individual TLS mattered. Today
this small number of strongly coupled defects constitutes a major problem in terms of device stability and
scaling.

In these early experiments, it was often assumed that most TLS defects were located in the Josephson
junction barrier and were caused by a charged atomic-scale defect that could occupy one of two positions
in the lattice. Experiments indicated that the average areal density of the resulting TLS was constant for a
given fabrication process. This motivated early ‘engineering’ work to shrink the junction area, which resulted
in improved performance. However, targeted materials and interface improvements by early attempts in, for
example, growing epitaxial barriers [12] gave little or no benefit.

Fast-forwarding to the current state-of-the-art, this general trend persists. Clever device engineering has
succeeded in eliminating many of the materials that host TLS. For instance, by the removal of lossy substrates or
by diluting electric fields in critical areas of the device [13–15]. This has resulted in a remarkable improvement
in coherence times, with the dominant contribution now coming from TLS residing at surfaces and interfaces
that are notoriously hard, if not impossible, to remove, as they are part of the metal–air interfaces of electrodes
essential for realising the devices themselves. This means we are approaching the end of the improvements
that can be achieved using the aforementioned engineering advances. To further increase coherence times,
remaining TLS must be removed or passivated, either by new processing steps or clever chemistry. However, in
order to efficiently find such mitigation strategies, the nature of the remaining TLS defects must be understood
[1, 16, 17].

There exists a plethora of surface analysis techniques that are routinely used to obtain compositional, struc-
tural and chemical information about materials. The superconducting circuit community is now increasingly
exploring these techniques in an attempt to correlate material properties with qubit performance. An unfor-
tunate (and perhaps unavoidable) issue is that this task is often very tedious due to the need for a large number
of device measurements to obtain statistically meaningful data, in particular in superconducting qubits where
device parameters can fluctuate wildly over time due to TLS [2, 18–20]. Thus, ‘solving’ the TLS problem will
require new advances in materials science and new techniques developed specifically for the quantum era. Here,
we will give an overview of a number of possible routes to advance our understanding about the chemical and
structural nature of TLS defects.

Many different possible origins of the two-level systems seen in quantum circuits have been proposed, and
TLS may also be linked (directly or indirectly) to other types of defects, such as magnetic impurities or para-
magnetic species, that are generally thought to be responsible for flux noise, another source of decoherence.
While this article mainly focuses on methods for revealing the chemical and structural origin of TLS defects,
much of what is discussed is potentially also applicable to understanding other types of decohering defects,
e.g. sources of flux noise.

Figure 1(a) shows a diagram of the typical layers that are present for a metal deposited onto a substrate.
All these layers may host TLS and other types of material defects. In order to understand that a defect is
indeed a TLS, we need to probe them as they appear in superconducting circuits. However, as illustrated in
figure 1(b) energies and system size accessible by established surface analysis techniques does not yet extend
to the regime of TLS. Fundamentally, studying TLS in superconducting quantum circuits is a particularly
challenging task for the materials science community because of the following points.

(a) TLS defects have very low energy scales: a few μeV for defects that couple coherently to qubits, and several
orders of magnitude less for excitations in the bath of thermal fluctuators surrounding the coherent TLS
(figure 1(b)) [1].

(b) The defects appear mainly in disordered (structurally and chemically) materials and are thus expected to
have many different origins; there are in reality multiple mechanisms in a given material system that can
result in (effective) TLS being created.

(c) The density of defects is also very low, from around 1017 cm−2 for paramagnetic defects responsible for
flux noise [21, 22] down to about a single defect per GHz per micrometer of device perimeter [23, 24]
(which translates to a handful of resonantly coupled TLSs in a 100 × 100 μm2 sized transmon qubit).

(d) An increasing number of experiments and theories point towards very light elements and molecules (such
as hydrogen) [21, 25–29] reacting with or absorbing onto surfaces as possible origins.

No single method exists today that can be applied to meet this challenge; existing and new methods will
need to be further developed in order to fully understand the materials for the quantum era.
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Figure 1. (a) Typical layers fabricated and formed in a superconducting circuit (not to scale) that all needs to be understood from
a materials and defect point of view. (b) Relevant energy scales and how selected materials analysis techniques compare. Coherent
TLSs are those defects that couple strongly to superconducting circuits and they are influenced by a bath of low-energy thermal
fluctuators.

Figure 2. Diagram of material analysis techniques towards understanding TLS defects as a function of information content and
operating conditions. Established groups of surface analysis techniques (yellow) at present used to correlate properties with qubit
performance. Some emerging or established techniques may be further advanced in the future to bridge the gap towards direct
TLS identification and chemical analysis (dashed borders). We specifically identify two possible routes: through EPR/nuclear
magnetic resonance (NMR) and through scanning probe instrumentation.

Here, we give an overview of recent efforts to obtain structural and chemical information about TLS in
superconducting quantum circuits, exploring the possibility of bridging in situ defect detection techniques with
modern-day ex situ surface science techniques, and we discuss the potential of established and emerging mate-
rial analysis techniques to obtain both direct and indirect (correlated with device performance) information
relevant to understanding the nature of TLS. Figure 2 shows specific routes for understanding TLS discussed in
the following sections, and highlights the gap that the materials and superconducting quantum device commu-
nities need work together to bridge. The rest of this paper is organized as follows. First, in section 2, we discuss
the relevant materials used for superconducting quantum circuits. In section 3, we discuss how information
about TLS can be obtained from comparative device treatments. In section 4, we outline how ‘conventional’
materials science can be used to indirectly correlate material properties with device performance. We then
highlight two possible routes, which could directly link in-operation TLS detection with chemical or struc-
tural information. In section 5, we discuss electron paramagnetic resonance (EPR) techniques and in
section 6, techniques capable of directly interrogating individual TLS within quantum devices using scanning
probes.

Finally, we point out that this article is not intended to be an all-inclusive review. Instead, our intention
is to highlight the challenges that are facing the superconducting circuits and materials science communities
and to provide a perspective on potential solutions to these challenges. To this end, we also provide a broad set
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of references for the interested reader as a starting point for further exploration of a wider range of topics in
materials science.

2. Materials for superconducting qubits

To date, work aimed at understanding TLS in superconducting quantum circuits has focused on a handful
of metals and their oxides. This is motivated by the nearly total domination of a single fabrication technol-
ogy, high-quality Josephson junctions based on shadow evaporated Al/AlOx/Al devices, deposited either on
high resistivity silicon or sapphire (Al2O3) substrates. This technology has been extensively refined over recent
decades and yields remarkably reproducible junctions, and its success has meant that research on other mate-
rial systems is scarce. Alternative materials are most notably AlN, which gives decent coherence times but
is ultimately limited by the piezoelectricity of the material [30]. Nb/AlOx/Nb trilayer junctions is also a well-
established technology and gives highly reproducible critical currents exploited in many applications. However,
to date, high-coherence qubits have not been demonstrated [31]. Recent advances using the Nb/a-Si/Nb trilayer
process could potentially reach long coherence times [32]. Other material platforms are increasingly explored,
including more structurally well-defined van der Waals materials [33, 34].

Surrounding circuitry (such as microwave resonators, ground planes and transmon shunt capacitors) is
commonly implemented either with the same Al or using Nb- or Ti-based superconductors (Nb, NbN, NbTiN,
TiN), which all exhibit various degrees of oxidation of exposed surfaces. Recently, tantalum [35, 36] and TiN
[37] were shown to support very high coherence qubits. It is believed that this is related to the improved
properties of the surface oxide, but more research is needed to understand the detailed mechanism.

The surfaces and interfaces of these metals is where most remaining detrimental defects reside, either within
native oxides or as part of surface adsorbants or contaminants. Despite Al2O3 being one of the most extensively
studied oxide surfaces due to its vast number of technological applications [38], a very limited amount of this
knowledge has been transferred to the qubit community so far. Much of this can again be attributed to the
unprecedented sensitivity to defects that qubits have, and the complications that the disordered native oxide
poses in terms of materials analysis.

3. Understanding TLS ensembles from device treatments

One way to understand how TLS emerges in these materials is to study the same device (or identical devices)
before and after some specific treatment or change to the fabrication process. A major challenge with this
approach is that the base variability in measured device performance [2, 19] is often large enough to obscure
subtle effects of any treatment, meaning that a large number of devices should be measured [15] to obtain
sufficient statistics. Nevertheless, a large number of works have used this approach with varying degrees of
success. Some recent examples include correlating in situ treatments with qubit coherence times [39, 40], 1/f
flux noise [21] in superconducting quantum interference devices (SQUIDs) and resonator loss and noise [25,
41]. We refer to a recent review [1] for a more extensive overview of this approach.

While this type of study can provide new information about TLS, in retrospect very little improve-
ment has been made in the last decade in terms of actual materials quality as quantified by the dielec-
tric loss tangent for the dielectrics [29]. To address this challenge, significant resources are needed to
improve measurement throughput, measurement reliability and to allow the exploration of a wide range of
treatments.

4. Surface analytical materials science to understand defects

Another approach, with an increased focus in recent years, is to utilise ex situ surface analysis techniques to
obtain chemical and structural information about materials present and potentially correlate this information
with qubit coherence. Here, we summarize these techniques and some lessons that can be learnt from the
surface science community.

4.1. Surface analysis applied to superconducting quantum circuits
Surface analytical methods are commonly used to measure the chemical and electronic properties of surfaces.
One of the major motivations for their development is to provide information on contaminants, dopants, layer
structures and the density of states in electronic materials. The most common laboratory methods for chemical
analysis are x-ray photoelectron spectroscopy (XPS) and secondary ion mass spectrometry (SIMS). Related to
XPS are Auger electron spectroscopy (AES), reflection electron energy loss spectroscopy (REELS) and angle-
resolved photoemission spectroscopy (ARPES). Ion scattering methods, such as low-energy ion scattering,
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medium-energy ion scattering and Rutherford back-scattering (RBS) are also occasionally employed. These
surface analysis methods provide information from the top few nanometres of a material due to the range of
electrons and ions in matter.

XPS uniquely identifies chemical elements through the detection of core-level photoelectrons, the precise
position and energy dispersion of which can be related to the chemical environment of the element. The major
advantages of the method are a wide applicability to all types of material, the chemical state specificity, and
a straightforward route to quantification. Disadvantages include a low sensitivity for the lightest elements,
hydrogen cannot be detected due to the lack of core-level electrons, and limits of detection that are typically
at the parts-per-thousand level [42]. AES has similar sensitivity limits and, because a focussed electron beam
is used to excite Auger emission, cannot be used on materials that will damage easily. Nevertheless, it can be
used to assess the cleanliness of surfaces [43] and has excellent spatial resolution [44]. Both ARPES [45] and
REELS are primarily used to investigate the electronic properties of materials. Although this information can
be tied to chemical structure, it is not straightforward. The direct detection of hydrogen at surfaces is possible
through elastic scattering of electrons in REELS [46], where there is a small change in the scattered electron
energy from light elements, which at high electron energies is analogous to RBS [47].

XPS is now commonly used to identify the presence of superconductor surface oxides in qubit circuits.
Recent works include investigating the presence of Nb [48–50], NbTi [51], NbTiN [13], TiN [52], Al [52] and
Ta [35, 36] oxides, and how the oxide regrows [50]. The oxide presence, processing steps or surface treatments
can then be correlated with resonator quality factor measurements [49, 50, 52, 53].

SIMS is a highly sensitive surface chemical analysis method that has the typical capability to detect all
elements at the parts-per-million level. For semiconductors, metals and minerals, SIMS is employed to detect
and locate trace elements, and highly focussed primary ion beams can map the location of these elements with
spatial resolutions in the order of 50 nm. The ion beam may also be used to remove layers of material and create
depth profiles with typical depth resolutions of a few nanometres. The detection of trace hydrogen in minerals
has been demonstrated [54]. The general applicability of SIMS relies upon an understanding of the ionization
probability of ejected material. Thus, the technique is extraordinarily sensitive to easily ionized species but can
be orders-of-magnitude less sensitive to others. These effects mean that reference materials are required for
accurate measurements of composition and to locate interfaces in depth profiles. SIMS has, for example, been
used to analyse the composition of surface oxides, contaminants and interfaces for superconducting resonators
and qubits [25, 55, 56] as well as 3D detector cavities in the quantum regime [57]. The technique is particularly
useful for identifying interdiffusion of materials in multilayer quantum circuits [58]. SIMS has also been used
to identify spurious hydrides and carbides [59, 60] at interfaces in Nb devices.

One limitation is that many of the above techniques operate in ultra-high vacuum (UHV) and therefore are
of limited use for analyzing surface layers forming in ambient conditions. X-ray absorption spectroscopy (XAS)
and similar derived techniques can to some extent address these issues by operating at higher pressures and
electron detection offers surface sensitivity. However, instead they require synchrotron radiation for enhanced
resolution.

In addition to the above surface sensitive techniques there have been extensive studies attempting to shed
light on junction and interface quality by utilising cross-sectional transmission electron microscopy (TEM)
imaging of devices. For example, TEM was used to study the amorphous structure of atomic layer deposition
(ALD) grown AlOx [61], revealing structural metrics, such as stoichiometry, pair distances, and coordination
environments in the AlOx films, as a function of deposition temperature consistent with changes in the surface
hydroxyl density on the growth surface. A number of studies have investigated Al tunnel junctions using TEM
to measure the density of defects and pinholes as a function of deposition and fabrication conditions [62–66],
and studies have also been combined with low-temperature dielectric capacitance measurements, which are
sensitive to TLS present in the dielectrics [64]. The morphology and interface quality can in this way be corre-
lated with deposition conditions and ensemble TLS properties. TEM in combination with different fabrication
conditions has also been shown to reveal ensemble TLS properties via resonator loss measurements [67]. TEM
is also useful in the development of epitaxial substrate interfaces [68], and derived techniques, such as con-
vergent beam electron diffraction, can reveal local strain in crystals, which is of relevance for TLS. Worth
mentioning here is also electron back-scattered diffraction, a SEM-based analogous technique, which avoids
any structural damage induced by the preparation of TEM samples. Electron energy loss spectroscopy (EELS)
is a useful technique for investigating interfaces for information on local chemical composition and bonding
mechanisms [49, 64]. It has been applied to study the influence of substrate treatments, where the presence
of oxides can be correlated resonator loss, most notably recently carried out for Al [41] and Nb [48, 49, 69].
Alternatively, x-ray fluorescence and AES could also be used for chemical composition and are typically much
more efficient than EELS.

Recently, a combination of several techniques has been applied in more elaborate attempts to correlate
material properties with qubit coherence. Nb films used for superconducting qubits were investigated using
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cryogenic TEM, atomic force microscopy (AFM) and SIMS to reveal the formation of Nb hydride precipi-
tates [60], a well-known phenomenon for 3D detector Nb cavities [70, 71]. Nb hydrides possibly contribute
to both TLS and quasiparticle losses. XAS and x-ray magnetic circular dichroism were used to study cryo-
genic surface adsorption on Al and Nb films, in situ correlating the presence of adsorbants and various surface
pre-treatments with SQUID 1/f flux noise magnitude [21]. XAS was also used to reveal the nature of mag-
netic impurities in the oxide layer of Nb films [72, 73]. XPS combined with resonant inelastic x-ray scattering,
using a synchrotron x-ray source, was used to investigate the composition of Nb surface oxides in transmon
circuits, revealing a correlation between qubit relaxation times and grain size, grain boundary oxygen diffu-
sion and the amount of near-surface oxides [74]. Combining XPS with TEM and EELS [49] or RBS [75] can
provide further details about the structure and presence of surface oxides and the composition of materials
[75]. High-coherence tantalum circuits were also recently studied by x-ray diffraction, energy-dispersive x-ray
spectroscopy, TEM, XPS and AFM [35].

In summary, many well-established techniques can reveal the presence of unwanted materials on surfaces
and interfaces within devices. However, in order to correlate these observations with device coherence exten-
sive comparative studies are required, as none of these methods operate in situ with TLS resolving power, and
some are destructive in the sense of removing material or implanting others. Nevertheless, they can reveal
correlations between material properties and device performance, which can be suggestive of what imperfec-
tions might pose as TLS. To explore these correlations the materials science community will need to be deeply
engaged with the qubit community in increasingly elaborate studies. At the same time, more efficient ways
of benchmarking the material quality from in-operation measurements of high-coherence quantum circuits
will need to be developed to be able to attribute subtle variations in average device performance with different
material properties.

4.1.1. Learning from other areas of materials science
Within the surface science community it is well known that any sample that is exposed to ambient conditions
will, apart from reacting with atmospheric gases, soon be covered in layers of water and hydrocarbons. These
species may react with the device surface, producing a complex layer of surface-reactive species as well as layers
of more weakly bound (physisorbed) species (figure 1(a)). As an example, Al2O3 (and its amorphous oxide
unavoidably present in superconducting quantum circuits) has often been studied in depth for various other
applications in physics and chemistry. Based on this, it is well known that the Al2O3 surface undergoes hydrox-
ylation upon exposure to ambient [76], resulting in an OH-terminated surface. Sum frequency generation
(SFG), second harmonic generation (SHG) and sum-frequency vibrational spectroscopy (SFVS) are examples
of ultrafast optical spectroscopy techniques that have been used to study hydroxylated Al2O3 [77]. Selection
rules forbid SFG and SHG generation from centrosymmetric environments. In simple materials these signals
are only generated from interfaces or regions with strong electric fields. In SFVS, the dipole moments of the
oscillators must, on average, have a net orientation to be detected. Other examples include XPS for studying
hydroxylated Al2O3 surfaces [38], and using environmental TEM to study the native aluminium oxide growth
in real-time [78].

For hydroxylation of Al2O3 many reaction pathways compete [79], and for native amorphous AlOx we
thus also expect many ‘defects’ in the hydroxylated surface. Some of these defects may form TLS. Due to the
strong hydroxylation and binding of water to the Al2O3 surface, the amorphous disordered native oxide in
qubits is likely to host a cocktail of various defects caused by this hydroxylation chemistry [80], expected to be
similar for many other metal-oxide compounds. Much of the relevant surface chemistry likely occurs due to
exposure of circuits to ambient conditions when out from the vacuum of processing tools. However, even at
lower pressures reactions can take place with residual gases.

4.1.2. Residual gases

Residual gases are of considerable concern to surface analysts. There are continual collisions of gas molecules
with all surfaces exposed to the vacuum with a rate per unit area that is proportional to the pressure. These
molecules will stick to the surface if the energetic conditions are favourable, as described by the Hertz–Knudsen
equation. A typical estimate for the number of atoms in a monolayer is 1019 m−2 and the collision rates are
such that, if all gas molecules stick to a surface, this number is reached in approximately 1 s at 10−6 mbar
pressure. Consequently, amongst others, UHV equipment is used to achieve <10−9 mbar to ensure reactive
surfaces remain clean long enough for experiments to be performed. Typical residual gases in baked UHV
systems include hydrogen, carbon monoxide and carbon dioxide, and in unbaked or leaky vacuum systems
water, hydrocarbons, oxygen and nitrogen are also present. Below 5 K all these gases will stick to surfaces
and the cryostat itself becomes a pump reducing the pressure further. Pressures as low as 10−15 mbar may be
achieved in this way [81] with a monolayer formation time of ∼30 years.
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Nevertheless, the cryogenically pumped species will coat all cold surfaces, resulting in a constantly chang-
ing surface in terms of its strain, magnetic, electric and dielectric environment. This in-operation absorption
of species may contribute to TLS energy fluctuations or they may even act as a source of TLS. To prevent a
continual time-dependent growth of such thin ice layers on the surface of devices the vacuum system itself
requires careful consideration. Leaks can occur through seals (e.g. Viton o-rings) and through the pumping
system (turbo-molecular pumps have a low pumping efficiency for hydrogen). Even at 10−15 mbar one resid-
ual gas molecule will hit the ∼100 × 100 nm2 interaction area [82–84] of a TLS once every few minutes, and
while typically enclosed in many layers of shielding, pressures in excess of 10−15 mbar are expected within the
sample volume in a typical dilution refrigerator with leaky o-ring seals.

Whilst there are many methods of identifying and detecting the presence of these layers it is rare for them
to be employed in operational conditions. Surface analysis at liquid helium temperatures has been performed
[45], typically to examine electronic structure but always within ultra-clean systems to prevent surface layers
forming. Ellipsometry is a possible means of observing the thickness of contaminant layers on devices in situ.
This method relies upon the change in polarisation of light reflected from a surface to measure average over-
layer thicknesses with a precision better than 0.1 nm. However, optical access to the device, or a witness surface
close to the device is required.

5. Chemical identification by magnetic resonance

One of the most powerful techniques to date that can reveal both chemical and structural information about
individual species from a larger ensemble of defects is EPR, the concept of which is illustrated in figure 3.
Paramagnetic species present in a device could be directly linked to flux noise. However, it is needless to say
that a detected unpaired electron present in a device could also constitute a charge dipole. Thus, EPR also has
direct relevance for understanding TLS either directly or via spins that are influenced by TLS in their vicinity
[82, 85–87], linking the associated spin to a chemical entity or environment.

NMR or EPR (and derivatives thereof) are two unique techniques in the sense that they access extremely
low energy scales, down to MHz, well below TLS energies, as sketched in figure 1(b). They are at the same time
capable of revealing very detailed structural and chemical information.

5.1. In situ EPR
EPR using superconducting resonators made of the same materials as in qubit circuits has over the last decade
become a fairly well-established technique [88]. However, the main focus so far has been on using planar res-
onators to couple to well-defined spin systems for quantum memories and similar applications [89]. This is due
to to the very long coherence times of certain spin systems and sensitivity down to just a handful of spins [90].
However, the spins that plague superconducting qubit circuits are much more poorly behaved (short coher-
ence times) and present in much smaller numbers, making them impractical for applications. Hence, studies
that detect these bad spins are still very scarce [25, 91, 92]. On the other hand, paramagnetic centers present
in common semiconductor materials have been thoroughly studied, driven by the needs of the semiconduc-
tor industry. This includes, for example, Pb- and E

′
-centers at Si/SiO2 interfaces [93, 94] whose densities affect

semiconductor device performance. Much less is known about the surface spins on materials for superconduct-
ing quantum circuits (e.g. AlOx), although Pb-centers have also been found at the HF-treated Si(100)/Al2O3

interface [95]. To understand the chemistry of these defects the community needs to focus on develop-
ing EPR techniques that can in situ reveal information about surface spins in these materials. By repeated
surface treatments it can then be possible to find ways to passivate and study the underlying chemistry of
defects [25].

5.2. High-field, multifrequency EPR
One drawback of in situ measurements of devices is that they are typically limited to low magnetic fields,
which limits their resolving power and, consequently, have inherently low information content. These limita-
tions can be overcome by multifrequency EPR. Here, we use multifrequency as shorthand to mean microwave
excitation/detection frequencies from conventional 10–30 GHz range to beyond 300 GHz and magnetic fields
extending from 1 to well beyond 10 T. The use of multiple frequencies and fields allow increased resolution
and separation of field-dependent (electron and nuclear Zeeman) and independent (exchange, zero-field and
nuclear hyperfine) magnetic spin interactions, as sketched in figure 3 for a fictitious defect. For example, recent
3–10 T EPR measurements on α-Al2O3 single crystals resolved three different radical centers (electron spin
species with g-factor ∼2.0) [96]. High-field pulsed EPR-based nuclear hyperfine spectroscopy could iden-
tify one of the radicals as surface species through their couplings to multiple protons. These surface radicals
simultaneously experience both strong and weak proton hyperfine interactions that could only occur on the
hydroxylated and protonated α-Al2O3 surface.
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Figure 3. Chemical and structural identification through EPR. Large magnetic fields give increased level separation, and weakly
coupled nuclear spins can be resolved and acquired spectra can be matched to density functional theory (DFT) calculations to
precisely determine the structure of the electronic defect. Indicated is an electron spin transition (black arrow) of a fictitious
defect sketched on the right, transitions involving an individual nuclear and an electron spin (colored arrows) and a multi-nuclear
transition in ELDOR-NMR which can be used to associate multiple nuclei to the same electron spin (dashed arrow).

In general, detailed electronic structure of radicals can be obtained from pulsed EPR-based nuclear
hyperfine spectroscopy [97]. Electron spin echo envelope modulation and electron–nuclear double reso-
nance (ENDOR) are the two most commonly used techniques [98]. At high frequencies and magnetic-fields,
electron-double resonance detected NMR (ELDOR-NMR) probing simultaneous nuclear and electron spin
transitions (figure 3) is a particularly effective tool for studying hyperfine and nuclear quadrupolar interac-
tions of nuclear spin with low gyromagnetic ratios and is sufficiently sensitive to detect nuclei with low natural
abundance. ELDOR-NMR can also be used to correlate nuclei, that is identify nuclear spins belonging to a
common paramagnetic center by simultaneously driving multiple nuclear transitions. The nuclear hyperfine
and quadrupolar interactions measured by these techniques can be combined with values from DFT calcu-
lations. This approach has the benefit that computational modeling and interpretation of the measurements
mutually constrain each other, leading to more reliable models of the electronic structure of the paramag-
netic centers. For example, 27Al and 1H ENDOR and ELDOR-NMR combined with DFT modeling indicated
that the unpaired electrons of α-Al2O3 surface radicals were largely localized to two aluminum atoms and the
surface oxygens to which they were bound [96]. Two large proton hyperfine interactions arose from protons
bonded to the surface oxygen. This extended knowledge about the radical and its environment from ex situ
high-field EPR and DFT modeling could then be correlated with the earlier in situ EPR response obtained with
superconducting resonators. In this way, quantum device performance can be associated with a chemical and
structural identity of specific defects.

This type of high-field EPR approach provides a foundation for measurements on other materials and
structures involving other nuclei, notably 29Si and 93Nb in oxides common to superconducting quantum
devices. 240 GHz high-field EPR and 93Nb ENDOR have already been demonstrated on Cr5+-doped K3NbO8,
a candidate for an electron spin qubit [98]. Recently, 95 GHz 29Si and 13C ENDOR studies on spin-3/2 color
centers in SiC were reported [99]. We anticipate that more sophisticated DFT approaches involving the crys-
talline nature of the materials will further enhance the use of high-field EPR for studying materials used in
superconducting quantum circuits.

An interesting property of metal oxide surfaces is the presence of charge donor and acceptor sites. Char-
acterisation of these sites using functionalisation and EPR detection on various polymorphs of Al2O3 crystals
consistently find a density of charge donor sites of 1016 –1017 m−2 [100–102], similar to the density of param-
agnetic species thought to be responsible for flux noise [22]. Similar techniques might be of use for quantum
circuits—where specific EPR active molecules can functionalzse the surface and be used as probes of the local
environment of donor sites on Al2O3 [103] and other metal oxides.
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6. Characterising individual TLS

In what follows, we will now discuss various methods that are capable of interrogating individual TLSs
one by one. This may provide an alternative approach to the aforementioned methods in order to con-
nect the in situ detection of TLS with structural or chemical information obtained using ‘classical’ surface
science.

6.1. In situ device measurements
The extreme sensitivity of superconducting quantum circuits to the presence of even a small number of TLSs
can be exploited in experiments designed to study the properties of individual TLSs. Here, we will only give a
brief overview, and we refer to a recent review for a more detailed discussion [1].

In recent years, experiments with quantum circuits have introduced ways to directly tune the TLS energy
to reveal more information about the TLSs that couple strongly to devices. The energy of an individual TLS
can be written [9, 104] as,

E = �

√
Δ2 +

(
ε+

2pE

�
+

2γξ

�

)2

, (1)

where ε is the intrinsic asymmetry energy, p the electric dipole moment, γ the elastic dipole moment and ξ the
elastic field. Thus, by introducing an external electric or elastic field we can tune the energy of the TLS allow-
ing us to directly obtain information about TLS energies and dipole moments [105] as well as TLS relaxation
and dephasing times [11]. Experiments on macroscopic devices typically reveal a large number of hyperbolas
described by equation (1) giving information about parameter distributions [104, 106], TLS relaxation times
[11] and individual TLS–TLS couplings [107] can sometimes also be observed. This selectivity permits study-
ing TLS dynamics; the parameters of TLS themselves constantly drift over time and the timescales involved
can be very long. Changes that take place over days or even longer have been observed in experiments that
probe the frequency ωTLS = E/� of individual TLSs [2, 18, 19, 108, 109]. The detected TLSs can also be used
as sensors to reveal information about the very low energy excitations (cf thermal fluctuators in figure 1)
[108, 110] that govern the dynamics of coherent TLS and the low-frequency noise and dephasing in devices
[84, 111].

Two important extensions to this method include time-varying tuning and the application of directional
fields. A time-varying electrical field can be applied using external electrodes orspecially designed lumped
superconducting resonators where the TLSs in a material under study are situated in a parallel-plate capacitor
[105]. The latter method allows for a high-frequency field to be applied, which can give rise to interesting
dynamics and allows one to determine average TLS parameters [112]. The use of directional fields has recently
been demonstrated using (multiple) gating electrodes in the sample enclosure [108, 113] and in combination
with strain tuning [23, 24, 114]. This is an effective way to map out the location of individual defects with
respect to well-defined features of the device geometry.

These techniques are rapidly developing, and they provide access to TLS properties, such as dipole moment,
energies, switching dynamics, spectral diffusion and device couplings. However, they are not capable of reveal-
ing direct structural or chemical information about the defects. This could potentially be overcome by utilising
more localized fields, for example, using scanning probe microscopy (SPM).

6.2. Scanning probe microscopy techniques
SPM techniques, typically based on scanning tunneling microscopy (STM) or AFM, and both offering atomic
resolution can offer a route towards individual TLS detection. Developing SPM techniques capable of interro-
gating quantum coherence is becoming an increasingly important challenge for materials science [115]. Here,
we will give a brief overview of various SPM techniques that could potentially be developed to link individual
TLSs to chemical or structural information.

STM is approaching energy resolution comparable to coherent TLS energies [116]. However, energy reso-
lution is ultimately limited to the low μeV [117], although shot-noise spectroscopy with STM can potentially
probe even lower energy processes [118]. STM was recently used to study granular Al and the presence of
subgap Yu–Shiba–Rusinov (YSR) states might be related to unpaired electrons in the oxide [119]. YSR states
are bound states within the superconducting gap that forms due to magnetic impurities, which in the limit
of high but weakly coupled spin densities results in the formation of sub-gap impurity bands [120]. These
could contribute to quasiparticle trapping, local gap fluctuations and increased surface impedance, and could
potentially affect TLS dynamics [108]. Recent STM experiments on InOx indicate that surface magnetic dis-
order arises from YSR states intrinsic to the superconductor surface, possibly from dangling bonds [121]. On
the other hand, techniques that combine ESR with STM using a spin-polarized STM tip can access magnetic
ground-state information and measurements of spin dynamics on the atomic scale [122–124]. However, the
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Figure 4. Quantum SPM to reveal TLS properties. Quantum circuit in operation couples to a TLS defect (blue dot) that is locally
interacting with a nanoscale scanning probe.

drawback with all STM-based techniques is that they require conducting samples and cannot be used on metals
with thick oxides or on dielectric substrates.

Alternatively, AFM, a standard tool to investigate surface roughness of thin films and substrates, can image
any surface. State-of-the-art techniques can probe the connection between surface dissipation and static vari-
ations in the surface potential [125], which might link to surface TLS. An advantage of AFM is that it can
be combined with a wide range of other techniques and readout schemes, where the AFM is mainly used to
maintain a constant tip-sample separation.

6.3. Scanning with quantum sensors
A range of these scanning probe techniques exist that exploit quantum phenomena or quantum devices as
probes: scanning SQUIDs with single-spin sensitivity [126], scanning single-electron transistors [127] achiev-
ing sub-electron charge sensitivity, scanning Hall bars [128], cold-atom microscopes [129], Josephson junction
microscopes [130], scanning quantum dot microscopy [131] and scanning nitrogen vacancy (NV) microscopy
[132]. These techniques are mainly sensitive probes of local magnetic or electric fields, and not primary probes
of the local coherence properties or TLS couplings. Only the latter exploits quantum two-level systems for both
magnetic field [132] and electric field [133] sensing. Surface NMR with NV centers in diamond is also emerg-
ing as a powerful technique to reveal the chemical information and reaction chemistry of surfaces, and can for
example be applied to study hydroxylation of Al2O3 surfaces [134]. NV magnetometry can be performed either
in a scanning probe configuration [132] or by addressing individual NV centers close to a coated diamond sur-
face [135]. The drawback is the optically detected readout, which prevents ultralow temperature applications
relevant for TLSs, and while sensitive to very small energy scales, on its own this technique could not directly
identify TLS defects as they appear in quantum circuits.

Instead, drawing upon the strength of quantum circuits being very sensitive to TLS, the most natural way to
locate individual TLS with nanoscale precision would be to use the same circuits as scanning probes. Further-
more, the non-uniform electric field distribution from a nanoscale probe would result in spatially non-uniform
coupling to a TLS, revealing its orientation, which could be correlated with material structural information
obtained through e.g. AFM or other surface analysis techniques.

There have been a few theoretical proposals that discuss the possibility of using quantum circuits in an SPM
configuration to interrogate nanoscale material properties. This includes charge qubit on a tip [136, 137] and
quantum harmonic oscillators [138]. Experimental implementations are scarce at present. A notable example
is the scanning transmon [139] that could be used as a probe of local coherence and potentially TLS detection.
In the same way, one can imagine scanning with a well-placed TLS defect on a tip (given an appropriate readout
circuit), which would be an atomic scale equivalent of a scanning qubit. This TLS would be able to interact
with other TLSs in the sample, revealing information about them.

The simplest quantum circuit possible for TLS detection would be an harmonic oscillator in the quantum
regime, such as a superconducting resonator operating at microwave frequencies [140], essentially extend-
ing the common technique of near-field microwave microscopy to the quantum regime [141]. It is shown
that a nanometer-sized metallic tip in this case can reach the strong coupling regime with a TLS on the
surface [138].

Another interesting experiment was recently demonstrated on a semiconductor spin qubit [142]. Here,
scanning gate microscopy was used to map the electric field profile of the device, where the device charge
state is monitored in situ as a function of tip location and bias. This local electric field spectroscopy is able

10



Mater. Quantum Technol. 2 (2022) 032001 Topical Review

to map imperfections in the local electric field distributions of the device, arising from, e.g. fabrication
imperfections or charge defects. Similar local perturbation was demonstrated on a lattice of superconducting
resonators [143].

In order to unlock the potential of ‘quantum’ SPM techniques advances still have to be made in cryogenic
SPM engineering, as to date no SPM platform has demonstrated high-coherence operation of a quantum
circuit (e.g. on the sample stage) at mK temperatures ([139, 141] are to our knowledge the most ‘coherent’
SPM platforms for superconducting circuits described to date). Another complication is achieving a stable
(vibration-free) environment, as any mechanical noise will directly translate into fluctuations of the coupling
strength between the probe and TLS. Despite these significant experimental challenges, a ‘quantum’ SPM either
imaging with a quantum circuit or hosting one on the sample stage for in situ TLS detection, as sketched in
figure 4, would provide the missing link that allows one to directly correlate individually observed and localiszd
TLS defects with other surface science techniques.

7. Conclusion

The physics of TLSs and their effects on quantum circuits have turned out to be far richer and more compli-
cated than anyone expected. It is now clear that solving this problem, thereby enabling a range of important
applications, will require the combined efforts of the materials science and quantum circuit communities.

To unlock the full potential of surface analysis techniques for superconducting quantum circuits we will
need new techniques that (i) can detect individual TLS defects as and where they appear in circuits and (ii) are
able to correlate or directly link these with structural or chemical information that is also accessible to well-
established surface analysis techniques. Bridging this gap will require one to explore a wide range of correlative
surface science, treatments and materials as well as to develop new techniques capable of in situ device mea-
surements that can reveal the exact locations, chemistry and structure of defects. We envisage that this will be
possible, for example, by the development of new versatile quantum scanning probe techniques that can iden-
tify the same defect using several scanning modes, and with further developments in in situ EPR techniques
and device treatments.

We also know that surfaces and interfaces are highly complex and trying to explain TLS by a single type
of chemical or structural entity is likely to fail. Instead, it is more probable that the decoherence arises from
a complex cocktail of surface defects with many different origins, and they need to be eliminated one by one.
However, revealing and subsequently mitigating the most prominent ones will hopefully lead to significant
device improvements over time.

The need for better materials for quantum technologies is now driven by the rapidly growing quantum
computing industry and this will undoubtedly drive the development of new characterisation tools in the
coming years, specifically tailored towards addressing the materials challenge for quantum circuits.
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