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Abstract

Magnetic imaging using color centers in diamond through both scanning and wide-field methods offers a combination of
unique capabilities for studying superconductivity, for example, enabling accurate vector magnetometry at high temperature
or high pressure, with spatial resolution down to the nanometer scale. The paper briefly reviews various experimental
modalities in this rapidly developing nascent field and provides an outlook towards possible future directions.
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1 Introduction

Many experimental techniques exist for probing supercon-
ductors (SC) [1]; however, the relatively new technology
based on color centers in diamond offers a set of unique
capabilities to help solve some of the open questions in the
physics of high-critical-temperature (T;) SC. These capa-
bilities include possible combinations of features such as
operation across a wide temperature range (from millikelvin
to above room temperature), the ability to obtain spatial res-
olution down to the nanometer scale, vector-magnetometry
capabilities, and the possibility to perform dynamic (AC)
sensing up to the GHz range. The open questions that may
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be addressed with diamond-based methods include mea-
suring the detailed structure of flux vortices, investigation
of vortex dynamics, and the study of percolation effects
and phenomena such as “island superconductivity” [2, 3] or
superconductivity in metal clusters [4—6].

In this review, we provide a brief introduction to the
physics of the nitrogen-vacancy color centers in diamond
and various magnetometry modalities based on this system.
We then review the work that has been done up until now
on applications to the study of superconductors and discuss
possible future directions.

We note that another context where color centers in
diamond and superconductivity are frequently discussed
together is the development of hybrid quantum circuits for
information processing (see, for example, the review [7]).
However, it is not the intent of this article to discuss such
hybrid quantum systems.

For the convenience of the reader, Table 1 lists some of
the acronyms used in this paper and their meaning.

2 NV Centers in Diamond

The negatively charged nitrogen-vacancy (NV) center,
further referred to as the NV center, is one of the most
studied color centers in diamond. The NV center itself
comprises a substitutional nitrogen atom and a neighboring
vacancy, as well as an additionally captured electron. The
line going through the N and the V (NV axis) is the
symmetry axis of the system and can be aligned along four
different crystallographic axes (see Fig. 1a). Recently, the
NV center gained interest due to its remarkable properties

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10948-018-4877-3&domain=pdf
http://orcid.org/0000-0002-7356-4814
mailto: budker@uni-mainz.de

86

J Supercond Nov Magn (2019) 32:85-95

Table 1 Acronyms and their meanings

Acronym Meaning

AFM Atomic-force microscope

BSCCO Bismuth-strontium-calcium-copper-oxide
CFB Coherent (image-preserving) fiber bundle
NV Nitrogen-vacancy (center in diamond)
ODMR Optically detected magnetic resonance
PSB Phonon sideband

SC Superconductor, superconducting

STED Stimulated-emission depletion (microscopy)
YBCO Yttrium barium copper oxide

ZPL Zero-phonon line

as a nanoscale sensor [8-10]. It was shown that it can
be used to sense, for example, temperature, magnetic, and
electric fields [11-13]. Here, we focus on the application
as magnetic-field sensor since this is the quantity of
primary interest when investigating superconductors with
NV centers. For sensitive magnetometry with NV centers,
one makes use of their unique energy-level scheme (see
Fig. 1b). The NV center in its ground electronic state is a
spin-1 triplet. The excited triplet state is separated from the
ground state by an electronic energy corresponding to light
of &~ 637 nm wavelength and can be excited into the phonon
sideband using green light (usually 532 nm or 515 nm).
After excitation to the upper triplet state, the center mainly
relaxes towards the ground electronic state and its vibronic
sideband by emitting a photon in the range of ~637-800
nm.

The my; = =1 magnetic sublevels in the ground state
are separated from the m; = 0 sublevel by D, where D =~
2.87 GHz. For a magnetic field Bny applied along the NV
axis, the my; = +1 sublevels split due to the Zeeman effect
by Av = 2y,Bnv - S. Here, y, is the electron gyromagnetic
ratio and S is the spin of the NV center. It is important to
note that the presence of crystal strain and electric fields
may have a significant effect on the electronic structure of
the NV center, see, for example, a detailed discussion in
[14].

The amount of fluorescence emitted by an NV center
is dependent on its spin state. For a single NV center,
the fluorescence rate for the my = =1 states is ~30%
lower than the fluorescence rate of the m; = 0 state [15].
This is due to spin-dependent non-radiative decay towards
the upper of the two singlet states (see Fig. 1b), from
which the NV center decays (mostly nonradiatively) into
the lower singlet state, which has an ~40 times longer
lifetime than the upper triplet state [16, 17]. From the
lower singlet state, there is significant probability for a
decay into each of the mg sublevels (see [18]). The much
higher probability for the m; = =+1 states to “leak” into
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the singlets also leads to the fact that the spin can be
initialized to the my; = 0O state when pumped with green
light [15]. Due to these properties, the magnetic field can
be determined by optically detected magnetic resonance
(ODMR) spectroscopy. To obtain an ODMR spectrum, a
microwave field is applied to the NV center under, for
instance, continuous green illumination and fluorescence
is detected. When the microwave frequency matches the
transition frequency between the m; = 0 and one or both
of the my = =1 states, the population is transferred to the
corresponding state(s) resulting in a reduced fluorescence
signal. By determining the transition frequency, one can
then determine the magnetic field (see Fig. 1d). For
magnetometry as described below, it is important that for
measurements conducted in the presence of a bias magnetic
field in excess of a few mT, this field should be aligned with
the axis of the NV centers used because transverse magnetic
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Fig. 1 a Diamond unit cell with an incorporated nitrogen atom
(red) next to a vacancy (white), forming an NV center. b Energy-
level diagram of the NV center. Two triplet states with an energy
separation corresponding to the energy of a photon with ~ 637 nm
wavelength and two singlet states located between the triplet states,
whose separation corresponds to 221042 nm. In the triplet ground state,

the my = =1 sublevels are degenerated and separated by D from
the ms; = O sublevel in the absence of symmetry-breaking fields and
strain. A splitting of the my = 1 and my = —1 state is induced by

the magnetic fields, allowing for magnetometry using electron spin
resonance. ¢ ODMR spectrum of a single NV center, which allows
for the determination of the B-field along the NV axis. d ODMR
spectrum of an ensemble of NV centers, with a field applied along an
arbitrary direction, such that four different B-field projections on the
different NV axes are observable. Analyzing such spectra, it is possible
to reconstruct the full B-field vector
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fields lead to quenching of the NV fluorescence and loss of
ODMR contrast [19]. Further details on the physics of the
NV centers can be found, for example, in Refs. [14, 15, 20,
21].

In this paper, two different approaches of NV center
based magnetometry are described, which have both been
used to study vortices in type-II superconductors. The first
one is NV-ensemble magnetometry, where many NV centers
are observed at the same time and the second is scanning-
probe single-NV magnetometry, where a single NV center is
used to measure the local magnetic field at the NV center’s
position [9].

In the first approach based on ensembles of NV centers,
one usually uses a diamond plate with a high density layer
of NV centers close to the diamond surface. The diamond
is placed on the SC and a wide-field microscope is used
to image the magnetic field (see Fig. 2a). This has the
advantage that a large area can be imaged at the same time
without scanning the beam, sample or probe. In addition,
the acquisition time is typically reduced due to the higher
fluorescence emitted by multiple NV centers. On the other
hand, the resolution in this approach is usually limited
by the optical diffraction limit which is on the order of
400 nm. (We note that better resolution, &~ 150nm FWHM,
may be obtained with solid-immersion lenses [22] or using
wide-field super-resolution methods. Resolution better then
10 nm is theoretically possible [23, 24], though super
resolution has not been demonstrated with NV magnetic
microscopy yet.)

Due to the atomic size of the NV, scanning-probe
single-NV magnetometry (see Fig. 2b) can be used for
magnetometry with a resolution of nanometers [25, 26]
(and down to below 1 nm with the use of magnetic
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Fig. 2 a Schematic of a wide-field-imaging NV setup. An area of
the diamond is illuminated with green light; red fluorescent light
is transmitted through the dichroic mirror and is projected onto a
camera (for instance, a charge-coupled device, CCD). b Scanning-
probe single-NV setup. The green laser is focused on a single NV
center located in an all-diamond AFM tip and the fluorescence is
detected with a single-pixel photodetector (PD). To acquire an image,
the position of the sample below the tip is scanned

gradients [27]). A single NV center is positioned in the
focus of a confocal microscope and the sample is scanned
in position below the NV center to acquire an image.
To bring the NV center as close as possible to the
sample, all-diamond atomic-force-microscope (AFM) tips
were developed, which contain a single NV center within
the first few nm of the tip [28]. In most cases, the achieved
spatial resolution is limited by the distance between the
imaged surface and the N'V center.

Both approaches are highly relevant for the study of SC
because of their different advantages and are described in
more detail in the following sections.

3 Early Work: Probing Bulk Properties
of Superconductors

The earliest studies using diamond magnetometry to probe
superconductors involved detection of the Meissner effect
in bulk superconductors. In the superconducting state,
materials exhibit perfect diamagnetism. Upon application of
an external magnetic field, flux is expelled from the interior
of the superconductor, resulting in perturbations in the stray
magnetic fields around the superconductor.

The first study using diamond magnetometry to probe the
Meissner effect [29] involved placing a bismuth strontium
calcium copper oxide (BSCCO) crystal in close proximity
to a diamond plate uniformly doped with NV centers. The
BSCCO crystals were submerged in liquid nitrogen, then
placed on top of the diamond magnetometer and allowed
to warm to room temperature. Meanwhile, the NV ODMR
spectrum was recorded continuously, and the resulting
central frequencies measured the change in the stray
magnetic field produced by the BSCCO crystal. Figure 3
shows results of these measurements. Clear signatures of
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Fig. 3 A BSCCO-2223 sample showed a phase transition to the
superconducting state at T = 102(3) K as measured via monitoring
the change of the resonance frequency of an NV-center ensemble.
The four symbol types represent repeated runs on the same sample
performed at different times. (Adapted from [29])
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the superconducting transition are observed with a measured
T, = 102 £ 6 K, in good agreement with the value of 105 K
measured using other techniques [30].

While performing these early experiments, a significant
temperature dependence of the NV zero-field splitting
parameter, D, was observed. When monitoring a single
ODMR frequency (e.g., that of the my = 0 & my; =
—1 transition) in variable-temperature studies, the effect of
dD/dT is indistinguishable from changes in the magnetic
field. This effect was subsequently investigated in detail
experimentally [31, 32] and theoretically [33], and it was
found that dD/dT ranges from ~ —74 kHz/K at room
temperature to ~ —35kHz/K at 200 K, to —dD/dT <6
kHz/K at 100 K and below, where such temperature
shifts become, in most cases, irrelevant. The temperature
dependence of D was used to image thermal effects in
condensed matter [34] and living systems [35]. It could
also be employed to perform thermometry, together with
magnetometry, for superconductors at temperatures > 100
K. In order to unambiguously disentangle changes in
temperature from changes in magnetic field and thus
simultaneously measure these quantities, several protocols
have been pursued, including monitoring both my; = 0 <
mg = =1 transitions simultaneously [36] or directly
monitoring the my = —1 <> my; = 41 transition using
double-quantum pulse protocols [37].

4 Wide-Field Imaging of Superconducting
Vortices

Several magnetic studies of superconducting phenomena
have already been carried out using ensemble NV-based
magnetometry. Waxman et al. measured the SC-normal
phase transition and the average field of vortices in an
YBCO thin-film layer [38] (Fig. 4).

In this experiment, a 1 mm x2 mm x 80 um diamond with
a thin (15 nm) dense (a few x10'! cm™2 surface density)
layer of NV centers positioned on the superconductor was
used. Although this method enabled the study of several
magnetic phenomena, it turned out to be insufficient in
terms of the spatial resolution required for vortex imaging.
This spatial resolution was limited mainly by the NV-
superconductor distance.

Another limitation of the setup described in [38] came
from the use of large windows of the optical cryostat
which led to excess heating and made it difficult to reach
temperatures below 10K. To overcome such limitations,
Alfasi et al. glued a diamond to a coherent (i.e., image
preserving) fiber bundle (CFB) with 30,000 cores and used
it in a liquid-helium environment [39]. In this experiment,
the fluorescence signal from the NV centers was collected
with the coherent fiber bundle and projected onto a CCD.
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Fig. 4 The Zeeman splitting of the energy levels (from which one
can retrieve the magnetic field) of NV centers positioned over an SC
(YBCO) layer. Measurements were carried out while increasing and
decreasing the external magnetic field (proportional to the coil current,
I). The plot demonstrates the local transition from the Meissner state to
an intermediate state in which vortices appear. Blue points correspond
to increasing coil current while red points correspond to decreasing
current (from [38])

Alfasi et al. studied the shielding currents in a Nb stripe
in the presence of different external magnetic fields by
measuring changes in the ODMR spectra across the edge of
the SC and comparing them to theoretical predictions. From
this comparison, they concluded that the distance of the
sensor from the superconductors was approximately 7pm,
which was attributed to techniques used to generate the
NV centers [39]. Apart from this, when using CFB, spatial
resolution is limited by the diameter of a single fiber core
and by the distance between the different fibers, which is
typically 5 pum.

To achieve both a small sample-sensor distance, and a
high acquisition rate for the imaging of vortices, Schlussel
etal. used 20 um x 10 um x 2 pm single-crystal diamond
plates positioned on a thin-film YBCO chip. The guiding
idea was that such thin diamond membranes are deformable
and allow for adhesion to the SC substrate even in the
presence of surface imperfections. In this work, different
densities of vortices as a function of the cooling field were
imaged. An example of a magnetic map that images pinned
vortices is shown in Fig. 5. By comparing the magnetic field
measured by the NV sensor to the predicted magnetic field
above a vortex, the distance between the superconductor and
the magnetic sensor was estimated to be &~ 550 nm. This
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Fig. 5 Pinned vortices in a YBCO thin film after cooling it at
0.18 mT. The image was generated using wide-field NV center based-
magnetometry (adapted from [40])
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distance still limits the spatial resolution and reduces the
acquisition rate.

Recently, Nusran et al. used a similar setup to the one
in Fig. 2b, but in a confocal microscope instead of a wide-
field microscope. They attached millimeter-sized diamond
plates with a near-surface NV layer to different SC [41].
They scanned both SC and diamond together and observed
the Meissner effect in different SCs with a resolution of
~ 500 nm in the x-y direction given by resolution of the
used confocal microscope and & 20 nm in z direction given
by the thickness of the NV layer. Using this technique, they
were able to observe conventional Meissner effect in single-
crystal Pb as well as an unusual paramagnetic Meissner
effect together with random variation of the local magnetic
field in a single-crystal Nb sample. Later on, Joshi et al. used
the same system to better measure the lower critical fields
of several type-II superconductors [42].

Using a wide-field configuration to image magnetic
fields with NV centers carries a disadvantage of higher
required laser power (depending on the size of the illumi-
nated area) to excite the NV centers. Since superconductiv-
ity requires cryogenic temperatures, heat transfer to the SC
is a concern. Local heating around the position of the laser
spot mainly has two effects. Firstly, it can heat the sam-
ple above the critical temperature and therefore destroy the
superconductivity locally. This will be especially harmful if
low-T. SC are studied since it might be difficult to achieve
such low temperatures. Secondly, it makes it difficult to
determine the exact temperature of the sample at the inves-
tigated spot. This problem could be solved (for high-T. SC)
by using the temperature dependence of D [11]. Heating of
the SC can be reduced by performing pulsed measurements
[43] at low duty cycles, such that the transferred energy/heat
per unit time is reduced. Heating can also be potentially
reduced by using resonant excitation on the zero-phonon
line (ZPL), which has larger optical-absorption cross section
than the phonon sideband (PSB) at low temperature. A pos-
sible complication is more efficient NV photoionization
compared with the green light. Finally, there is a possibil-
ity to use either a reflectively coated diamond plate or SC,
which would reduce the amount of absorbed light. In this
case, one has to pay the price of increased minimum NV-SC
distance (= 100nm in case of silver coatings).

In the past decade, apart from conventional ODMR,
many different protocols for both AC and DC magnetic
sensing using NV centers have been proposed and
demonstrated [14, 21, 44]. These different protocols have
allowed optimization of the magnetic sensitivity and
spatial resolution of NV-based magnetometers. In addition,
control over the NV-center concentrations [45], which is
important for the sensitivity of NV-based magnetometers,
has improved. Also, diamond crystals with preferential
orientation of NV-center ensembles have been grown [46,

47]. In this case, only one of the four possible NV
alignments (see Fig. la) is populated, which improves
magnetic sensitivity since only fluorescence from the
one selected NV alignment relevant for magnetometry
is collected. For reference, typical sensitivity of present
systems is &~ 1 uT s!/2 per 300 nm? diffraction-limited spot
[48].

5 Nanoscale Quantum Sensing
of Superconductors

Superconductors exhibit magnetic inhomogeneities down to
the nanoscale, either due to impurities, changes in local
structure, or vortex effects. Addressing nanoscale properties
of superconducting samples requires approaches which go
beyond the wide-field imaging experiments described in
Section 4. In principle, as discussed in Section 2, wide-
field imaging can be extended to sub-100 nm resolution
by combining recently developed super-resolution methods
such as stimulated-emission depletion (STED) [49] with
wide-field imaging. While potentially a viable approach,
such wide-field super-resolution imaging has thus far not
been demonstrated in cryogenic environments, in part due
to the prohibitively high laser intensities of up to MW/cm?
(depending on the specifics of the method used) required
to achieve nanoscale resolution [49]. Alternatively, single
NV centers can be employed to perform nanoscale magnetic
imaging in a scanning probe setting [14], where the NV
is scanned within several tens of nanometers distance from
a sample to yield nanoscale magnetic-field maps. This
approach has been successfully applied in the past to image
ferro- [50] and antiferromagnetic [51] spin-textures and
has recently been adopted to cryogenic conditions to yield
quantitative, nanoscale images of vortex stray fields [25].

The first realizations of such scanning NV magnetome-
try employed a diamond nanocrystal attached to an atomic
force microscope tip for magnetic imaging [52, 53]. How-
ever, a significantly more robust and sensitive implemen-
tation of scanning NV magnetometry is achieved by using
diamond nanopillars containing individual NV centers at
their tip, as scanning probes (Fig. 6¢) [54]. Such scanning
probes enabled detecting and imaging the magnetic field
generated by a single electron spin [55] at imaging resolu-
tions of ~ 20 nm [54], which can be further pushed to the
sub-nanometer range by employing strong magnetic field
gradients [27].

The use of scanning NV centers in all-diamond nanoscale
sensors brings several key advantages for sensing and
imaging, in particular with respect to their use under
cryogenic conditions. Such probes are highly robust and
allow for extended measurement times of up to several
months. The diamond pillars that constitute a scanning
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Fig. 6 Cryogenic scanning NV magnetometer. a Optically detected
magnetic resonance (ODMR) spectrum. The separation between the
peaks is proportional to the magnetic field applied to the NV center.
b Geometry of the experiment. A thin film of YBCO was grown on
a SrTiO3 (STO) substrate and protected by a capping layer. The red
arrow and blue structure indicate the NV spin and diamond nanopillar
depicted in (c). The distance between the sample surface and the
nanopillar (zp) is controlled by means of an atomic-force microscope.
¢ False-color electron-microscope image of an all-diamond scanning
probe as used in scanning NV magnetometry. The NV sensor spin is
located at the apex of the nanopillar visible in the center of the diamond
cantilever. d Layout of the cryogenic scanning NV magnetometer. Tip
and sample scanning is accomplished with three-axis coarse and fine
positioning units; NV fluorescence is collected through a tailor-made
low-temperature objective. The microscope is kept in a liquid *He bath
at a temperature of 4.2 K. Figure partially adapted from [25]

probe act as optical waveguides that render optical
excitation and readout of NV centers highly efficient
[56]. As a result, laser excitation powers of ~ 100 uW
are sufficient to yield single-NV count rates of a few
100, 000 photons/s which, together with typical ODMR
contrasts and linewidths as shown in Fig. 6a yield
sensitivities in the uT/+/Hz range—sufficient to detect a
(super)current of 100 nA flowing in a one-dimensional
channel at a distance of 10 nm from the NV center.
Additionally, such scanning probes ensure NV-to-sample
distances dny of just a few tens of nanometers. It is
important to note that dny is the key quantity determining
spatial resolution for this imaging method: the amplitude
of the magnetic field generated by a source (i.e., spins
or current-distributions) modulated at a spatial frequency
1/ on a sample surface, decays as e~ 27NV/* with dyy
[57] and such structures therefore become practically
unresolvable for dyy > A. Lastly, embedding the NV
center in an all-diamond probe for sensing has the advantage
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of resulting in typically long spin-echo coherence time,
on the order of T2eChO ~ 100 us, which may be
exploited for high-sensitivity “AC magnetometry” using
coherent manipulation of the NV spin [9]. For further
information regarding such scanning probes and their non-
trivial fabrication, we refer the interested reader to recent
publications on the topic [54, 58].

In order to adapt scanning NV magnetometry to
cryogenic conditions for the study of nanoscale properties
of superconductors, Thiel et al. [25] constructed a dedicated
instrument, which is briefly described here. The setup
consists of a liquid-nitrogen-free, “He bath cryostat; a
setting which ensures maximal vibrational stability as it
avoids excess vibrations originating from liquid-nitrogen
boil-off or closed-cycle cryostat operation. The cryostat is
equipped with three superconducting current-driven coils
providing an external magnetic field to the sample of up
to 0.5 T along each axis. Vector-field operation allows
for aligning magnetic fields to the NV axis. The scanning
NV microscope, comprising positioning hardware for the
sample and the tip, as well as a microscope objective for
optical access, is held in a closed, stainless-steel tube filled
with several mbar of “*He exchange gas (Fig. 6d). The
stainless steel tube is directly inserted into the “He bath
to ensure efficient cooling of the sample and the scanning
probe.

The first applications of cryogenic, nanoscale scanning
NV magnetometry focused on imaging of stray magnetic
fields emerging from individual vortices in the high-T,
(T, ~ 90 K) superconductor YBa;Cu307_5 (YBCO) at
temperatures around 4 K. The study of such vortices was
motivated by their fundamental interest [59], their relevance
for technological applications of SCs (where vortex-motion
forms a dominant source of dissipation), and by their
comparatively easy to understand stray field, deep in the
type-II SC limit (as is the case for YBCO). The experiments
were conducted on a 150-nm thin film of YBCO (Fig. 6b), in
which vortices were prepared by cooling across 7 in a bias
field of 0.4 mT, applied normal to the sample surface. Stray-
field images were subsequently obtained at 4 K by recording
full ODMR traces of the scanning NV center at each pixel
comprising the image. Figure 7a, b shows representative
data on a small ensemble of vortices, along with a high-
resolution image of a single-vortex stray field, respectively.
The images are quantitative in the sense that they present
the projection Bny of the vortex stray magnetic field onto
the NV axis in physical units, which, for example, allowed
the authors to verify that indeed, the imaged vortex carried a
quantum of magnetic flux [25]. This vectorial measurement
of Bnv, along the N'V-center axis, is the reason for the non-
circularly symmetric appearance of the vortex stray fields,
since the NV axis is tilted from the sample normal by 53°
(see Fig. 6b and discussion below).
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Fig. 7 Quantitative mapping of stray magnetic fields of vortices
in superconducting YBCO, using scanning NV magnetometry. a
Ensemble and b single-vortex image. The stray-field projection onto
the NV axis was obtained by measuring Zeeman splitting in the
ODMR spectrum at each of the 120 x 120 pixels of the scan. The
width of the observed vortex stray field is set by A (the Pearl length),
which is much larger than the estimated spatial resolution of 30 nm in
the image. ¢ Iso-Byny images of a vortex arrangement as a function of
laser excitation power. The set of data demonstrates non-invasiveness
of NV magnetometry in the present experiments: even for the highest
powers achievable (2 mW), no influence on vortex location could be
observed. With increasing laser power, the ODMR contrast decreases
as optical pumping leads to relaxation of the electron spin coherences
[43]. However, even after the 2 mW scan, in which no ODMR contrast
was observable, the vortices remained unaltered in subsequent images.
Figure partially adapted from [25]

One of the scanning strategies (used, for example, to
obtain images in Fig. 7c) is the so-called iso-B imaging,
where a single NV is scanned in the presence of constant
laser illumination and microwave excitation at a fixed
frequency. A reduction in the NV fluorescence is observed
whenever the local stray magnetic field fulfills the NV
spin-resonance condition. The result is a fast image of
vortex location, which, however, cannot be quantitatively
interpreted in a straightforward way as it does not provide
full field information across the whole imaging plane.

The back-action of NV magnetometry on the YBCO
sample was tested in this experiment by increasing the
readout laser power in steps, up to powers much higher than
the values usually used for magnetometry. The essential
outcome was that for the present sample and experimental
setting, no effect on the vortices was observed. Specifically,
Fig. 7c shows a series of “iso-B” NV-magnetometry
images, each taken over the same region of the sample,
for increasing laser power up to 1 mW (as compared
to the 100 uW used in Fig. 7a, b). The data show no
alteration of vortex positions across these scans. While
YBCO is known for strong vortex pinning and has a
comparatively high T,, prospects for studying more fragile
superconductors are excellent, as many opportunities exist
to further reduce the back-action of NV magnetometry on

the sample with an ultimate total net heat load in the sub-
nW range [25]. Specifically, resonant optical excitation of
the NV center [60] would require no more than a few nW
of laser excitation, all-optical spin manipulation [61] could
eliminate microwaves and pulsed ESR driving and detection
[43] could lead to laser duty cycles < 1%.

The quantitative vortex stray field maps presented in
Fig. 7 allow one to test and compare various models of
vortex stray fields and to quantitatively determine the key
parameters of the experiment, such as the sample’s London
penetration depth, Apondon. In particular, Thiel et al. [25]
compared the widely used “monopole approximation” [62]
to Pearl’s analytic solution for vortex stray fields [63]. The
former approximates the vortex stray field with one of a
monopole and is justified in the far-field of the vortex by
the fact that the field-lines generated by the vortex cannot
close in the plane of the superconductor by virtue of the
Meissner effect. A detailed analysis [62-64] then yields
a stray field resembling a virtual magnetic monopole of
strength 2®¢, located a distance A = 2)‘1240nd0n/dsc below
the superconductor surface, where A is the so-called Pearl
length and dgc is the thickness of the superconductor. Given
that the strength of this monopole field is set by the flux
quantum, the only free parameter in the resulting stray field
is the NV-to-monopole distance zny + A, i.e., changes in
A cannot be distinguished from changes in znv in a fit to
data. Conversely, the Pearl vortex stray field corresponds to
an analytic solution to the second London equation

B
— (D)

V x js =
MO)“London

in the thin-film limit ds¢ < ALondon, Where jy is the
superconducting current density, B is the total magnetic
field and po is the vacuum permeability. This solution
yields the supercurrent distribution around the vortex and,
by virtue of Biot-Savard’s law, the vortex magnetic stray
field outside of the superconductor. The comparison of the
two quantitative fits in Fig. 8a clearly shows the superiority
of the Pearl model over the monopole approximation. Past
works on local imaging of vortex stray fields successfully
employed the monopole model [62], since monopole and
Pearl models converge to essentially the same solution
for probe-sample distances > Apondon. In closer proximity
to the sample, however, this is not the case and strong
deviations of the predicted field lines exist for the two cases
(Fig. 8b). The Pearl model has only two independent free
parameters, dnv and the Pearl length A = 2Afondon /dsc.
For these, the fit in Fig. 8a resulted in A = 840 £ 20 nm
and dyy = 104 £+ 2 nm, where the error was extracted
from the statistical uncertainty of the fit. Note that dny
here refers to the distance between the NV center and the
center of the superconducting layer; taking into account
the value of dgc as well as the capping layer protecting
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Fig. 8 Scanning image the vortex field in a YBCO superconductor.
a Line-cut through a vortex stray field image (see inset), along with
fits to monopole and Pearl models for vortex stray fields (see text).
b Illustration of the magnetic field lines in the vicinity of a vortex
in the monopole and Pearl approximations, together with a schematic
representation of the scanning NV center. Figure adapted from [25]

the superconductor yielded the distance between NV and
sample surface and therefore the spatial resolution of this
imaging method. Note that a recent, unpublished analysis by
the authors of [25] indicated that treating the SC sample as a
layer of nonzero thickness (i.e., accounting for the fact that
dsc ~ ALondon) yields a slight correction for dny and results
in a final N'V-to-sample distance, i.e., spatial resolution, of
~ 30 nm for this experiment. For this refined analysis, the
authors employed the full analytic solution to the second
London equation for arbitrary sample thicknesses as derived
by Carneiro et al. [64] to determine j; and subsequently
determined the vortex stray field through Biot-Savard’s law.

Another experiment has recently also demonstrated
imaging of vortex stray fields using scanning NV magne-
tometry [26]. In contrast to the work of Ref. [25] (presented
in Figs. 7 and 8), the authors of [26] employed a closed-
cycle cryostat—an interesting experimental variant, which
improves usability and simplicity of the setup at the price
of reduced available magnetic field strengths and increased
vibrations. Using their setup, these authors employed iso-
magnetic field imaging for locating individual vortices. The
results of [26] confirm the utility of NV magnetometry for
the study of superconductors at the nanoscale.

These advances in NV magnetometry of vortex stray
fields offer attractive prospects for future nanoscale
explorations of superconductors and at the same time
still have significant potential for further improvements in
imaging and sensing performance.

The key sensing parameters indicated above, the =
30nm spatial resolution and imaging times of a few hours
per frame at the SNR and sampling rate indicated, are
limited by both fundamental and technical factors. Spatial
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resolution is set by the NV-sample distance dny, which is
determined by the depth of the NV within the scanning
pillar, the AFM tip-sample distance control and potential
contaminants on the sample surface. We estimate that for
the present experiments the first factor dominates as dny
agrees well with the expected implantation depth for the
nitrogen ions used to generate NV centers in the diamond
tips [25, 26, 65]. The implantation depth can be further
reduced to the range of a few nm [65], which would bring a
corresponding improvement in spatial resolution, but likely
also a reduction in NV coherence times [66] and therefore
sensitivity. Creating very shallow NV centers, which at the
same time allow for a several-nanometer resolution and high
sensitivity is subject to ongoing research [45]. Sensitivity
and therefore data acquisition time are further limited by
the detected photon count rates from the NV center and
the ODMR readout contrast. While the latter has been
largely optimized to ~ 20% in the present devices, photon
collection efficiencies can still be significantly increased
boosting the ~ 100, 000 counts/s rates achieved in [25].
In fact, recent unpublished results [67] have demonstrated
photon count rates approaching ~ 2,000,000 counts/s,
which will yield a 20-fold improvement in the data-
acquisition time over currently published results.

Arguably, the most successful and advanced technologies
to locally address superconductors on the nanoscale thus
far have been scanning tunneling microscopy (STM) [68]
and scanning superconducting interference device (SQUID)
[69] microscopy. STM has the unmatched advantages
of spatial resolution and ability to probe the SC state
at the upper critical field [70]. Scanning SQUIDs have
recently made remarkable advances with implementations
of nanoscale SQUID-on-tip architectures [71-73] achieving
magnetic imaging at spatial resolutions in the 50-nm
range. While sub-nanometer resolution of STM and
the exquisite sensitivity of SQUIDs are currently out
reach for NV magnetometry, it is the combined sensing
performance and the wide range of operating conditions
for NV magnetometry, which brings attractive prospects
for future applications of this technique, in particular to
superconductivity.

6 Conclusions and Outlook

NV magnetometry can operate over the whole relevant
temperature range from cryogenic conditions to room
temperature. It can, in principle, operate at arbitrarily
high magnetic fields (as long as these are aligned with
the NV axis) and it can be applied to partially or fully
insulating samples. Furthermore, NV-based sensing can
address a remarkable range of frequencies in magnetometry,
from DC (using ODMR as shown above [14]) and over
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megahertz (using “dynamical decoupling” based sensing
approaches [74]) all the way to the GHz range (where
“spin relaxometry” can be employed for sensing [44]).
The advantages of NV-based magnetometers (e.g., the
ability to perform quantitative vectorial measurements in
a wide temperature range) hold promise for these devices
in exploring several superconducting phenomena of current
interest such as island superconductivity [2, 3], surface
superconducting states [75], and for measuring the pinning
strength [72] and dynamics of vortices [76].

As the NV-based methods develop further, one day it
may become possible to image the spin-fabric in cuprate
superconductors [77]; the required spatial resolution is
~ 0.3nm. It would be interesting to also apply NV-
center-based noise spectroscopy [78] to the study of
superconductors.

One interesting research direction is exploration of
superconductivity in diamond itself. Indeed, diamond is
known to become superconducting at sufficient levels of
doping with boron (see, for example, [79] and references
therein). In this system, one can imagine the superconductor
under study and its probe being one and the same material,
perhaps, differentially implanted/doped to optimize the
experimental geometry.

Another nascent direction is using NV magnetometry to
study superconducting phenomena at high pressure [80].
Here, the NV centers can either be incorporated into the
diamond anvils used to produce high pressure or used as
magnetic probes “strategically” placed in the vicinity of the
sample under study. The NV-bearing diamond could be in
the form of a plate or nanodiamond and can be either under
high pressure or not depending on the experimental design.
Perhaps, NV-based methods can make a contribution in the
diagnostics of SC materials at high pressure, where the
record value of T, = 203 K at a pressure around 150 GPa
has been observed in sulfur hydrides [81] and where further
advances towards room-temperature superconductivity are
anticipated [82].

There appears to be considerable interest on the part
of the superconductivity-research community in utilizing
the capabilities offered by both the scanning and wide-
field-imaging modalities described in this review, so further
rapid development of techniques and applications can be
expected. We would like to encourage expanding the
productive dialogue between the superconductivity and N'V-
magnetometry communities.
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