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Wide-Field Imaging of Superconductor Vortices with Electron Spins in Diamond
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Understanding the mechanisms behind high-Tc type-II superconductors (SCs) is still an open task in
condensed-matter physics. One way to gain further insight into the microscopic mechanisms leading
to superconductivity is to study the magnetic properties of the SCs in detail, for example, by studying
the properties of vortices and their dynamics. In this work, we describe a method of wide-field imaging
magnetometry using nitrogen-vacancy (NV) centers in diamond to image vortices in an yttrium-barium-
copper-oxide (YBCO) thin film. We demonstrate quantitative determination of the magnetic-field strength
of the vortex stray field, the observation of vortex patterns for different cooling fields, and direct observa-
tion of vortex pinning in our disordered YBCO film. This method opens prospects for imaging of the
magnetic-stray fields of vortices at frequencies from dc to several megahertz within a wide range of
temperatures, which allows for the study of both high-TC and low-TC SCs. The wide temperature range
allowed by NV center magnetometry also makes our approach applicable for the study of phenomena like
island superconductivity at elevated temperatures (e.g., in metal nanoclusters).
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I. INTRODUCTION

Studying the physics of vortices in type-II superconduc-
tors (SCs) is a key challenge in the field of condensed-
matter physics, which, in the past, has been addressed by
various methods. For example, a scanning superconduct-
ing quantum-interference device (SQUID) [1–4], scan-
ning Hall-probe magnetometry [5–7], Bitter decoration
[8–10], transmission-electron microscopy (TEM)[11,12],
scanning tunneling microscopy and spectroscopy [13],
Lorentz microscopy [14], and magneto-optical imaging
[15,16] have been used to image vortices in type-II super-
conductors. Recently, a method has been proposed [17]
and realized [18], which uses a single nitrogen-vacancy
(NV) center in a scanning diamond tip to study such
vortices. Using NV centers enables quantitative nonin-
vasive studies of the vortices over a wide temperature
range, which is not achievable with the previously men-
tioned methods. In this work, ensembles of NV centers in
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diamond are used for an alternative approach of imaging
vortices. Utilizing ensembles has the important advan-
tage of not requiring a physical scan of the sample (or
the sensor), thereby opening the door for fast imaging
up to video frame rates [19]. Here, we use this tech-
nique in a wide-field microscope to image vortices in an
yttrium-barium-copper-oxide (YBCO) thin film.

NV centers in diamond are point defects in the diamond
lattice and have a magnetic-field-dependent energy-level
splitting, which can be driven by resonant microwaves and
read out optically by excitation with green light and col-
lection of red NV fluorescence [20]. Magnetometry with
NV centers is a widely used technique because of its com-
bination of sensitivity and high spatial resolution. It is
applicable in a wide temperature range from cryogenic to
ambient temperatures [18,21,22]; in addition, the method
enables the determination of both the absolute value and
the direction of the magnetic field [20,23,24].

II. EXPERIMENTAL SETUP

The experimental setup located at Ben-Gurion Uni-
versity of the Negev incorporates a wide-field-imaging
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microscope [see Fig. 1(a)] with the imaging target placed
in a continuous-flow helium cryostat. The superconduct-
ing sample, a thin YBCO film (thickness ≈ 250 nm),
is placed onto the cold finger inside the cryostat and a
diamond microslab (thickness ≈ 2 μm) with {100} sur-
faces is placed flat on top of the superconductor. The
proper engineering of the SC-diamond interface and,
in particular, the resulting NV-SC distance is a crucial
enabling factor for this work. Commonly used diamond
plates of dimensions on the order of 3 × 3 × 0.5 mm3

do not allow us to detect individual vortices. Because of
the distance between the diamond plate and the SC, it
is only possible to measure the averaged homogeneous
field penetrating the SC [25]. In addition, the proper-
ties of the NV centers in the used diamond plates are
not able to detect a magnetic field below 0.1 mT [see
Sec. III and Fig. 1(c)]. This result means that, in order
to observe individual vortices, the distance between the
SC and diamond has to be below approximately 1 μm.
To achieve this, thin diamond plates with dimensions
of 20 × 10 × 2 μm3, with a near-surface NV-center rich
layer of approximately 70-nm thickness, are fabricated
and placed onto the SC (see Appendix). Microwave fields
are applied by a wire [see Fig. 1(a), inset], which is
mounted on the homebuilt cryostat window to keep the
heat transfer to the SC as low as possible, while still
keeping the wire close to the diamond. The fluorescence
is detected using a CCD camera with a pixel size of
16 × 16 μm2.

III. RESULTS

A. Optically detected magnetic-resonance images

To generate vortices, the sample is field-cooled in a
magnetic field of approximately 0.18 mT, applied perpen-
dicular to the surface of the YBCO film. Optically detected
magnetic-resonance (ODMR) spectra are taken for every
pixel of the camera, each of which corresponds to an area
of 0.16 × 0.16 μm2 on the sample. The ODMR spectra
are obtained by comparing NV fluorescence rates with and
without applied microwaves while scanning the MW fre-
quency from 2.84 to 2.91 GHz. The fluorescence contrast is
calculated as C = (Non − Noff)/(Non + Noff), where Non(off)
is the photon detection rate, while the applied microwave
field is on (off). The NV-center ground state is a spin-1
system, leading to three states with ms = −1, 0, and +1.
In the absence of symmetry-breaking fields, the ms = ±1
states are degenerate, leading to the same transition fre-
quency from the ms = 0 state to the ms = ±1 states of
2.87 GHz at room temperature (2.88 GHz at cryogenic
temperatures). The transition frequencies get split by a
magnetic field along the NV axis where the splitting is
given by �ν±1 = 2γNVBNV, with γNV = 28 MHz/mT and
BNV the magnetic field along the NV axis. For our diamond
samples and at temperatures slightly above the SC phase
transition, even at zero field, a splitting (approximately 6
MHz) in the ODMR spectra occurs due to strain in the dia-
mond lattice [20]. This strain mixes the ms = ±1 states, so
that ms are no longer good quantum numbers, and results in
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FIG. 1. (a) Schematic of the exper-
imental setup. (b) ODMR spectrum
for a pixel on top of the vortex and
for a pixel outside of the vortex stray
field, which is approximately 0.38
mT in the center of the vortex. (c)
Calibration of the magnetic field in
the nonlinear regime at low fields.
(d) Map of the splitting between the
two ODMR peaks. (e) Map of the
width of the ODMR peaks. Vortices
are identified by an increase in the
splitting between the ODMR peaks,
which is attributed to the magnetic
stray field of the vortices. In addi-
tion, the vortices’ stray field leads
to a broadening of the peaks, which
is generated by field inhomogeneities
over the detection volume. The acqui-
sition time for the images (d),(e) is
approximately 11 min.
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FIG. 2. (a)–(c) Single-frequency
images (acquisition time of approx-
imately 80 s) of vortices obtained
using microwaves resonant with the
NV-spin transition at zero magnetic
field (2.876 GHz). Images are taken
for a magnetic field (Bcool) present
during the cooling through the
metal-superconductor phase transi-
tion with Bcool = 0.053, 0.079, and
0.18 mT. An increase in the num-
ber of vortices can be observed
when the field is increased. (d) The
observed number of vortices as well
as the expected number of vor-
tices in the given field of view of
200 μm2 for different fields.

a nonlinear relation of �ν±1 (BNV) = 2
√

(γNVBNV)2 + E2,
with E being the strain splitting for low magnetic fields
[26]. For ensembles of NV centers, there are in gen-
eral four different NV axes with corresponding different
field projections that need to be considered. For the {100}
diamonds used in this work, the field projection for a
field perpendicular to the surface is the same for all NV
orientations.

To determine the ODMR splitting, the recorded data
are fitted to two Lorentzians [Fig. 1(b)] for each pixel,
and color maps of the peak width and splitting between
the peaks are created [Figs. 1(d) and 1(e)]. The split-
ting of the two peaks differs by approximately 4 MHz
depending on the point of observation with respect to the
vortex center. Additionally, the width of the peaks also
changes by an amount of 4 MHz, which is attributed to
magnetic-field gradients averaged over the optical resolu-
tion of approximately 500 nm and to vibrations that are
of similar magnitude as the optical resolution. To illustrate
these effects more explicitly, Fig. 1(b) shows two ODMR
spectra, one recorded on a vortex and one far from a vor-
tex. Even though the change in splitting is on the same
order as the splitting due to strain at zero field (see below),
it is possible to determine the magnetic field above the vor-
tices. To do this, we calibrate the splitting between the two
peaks as a function of magnetic field by applying a known,
out-of-plane magnetic field to the diamond and the data are
fitted [see Fig. 1(c)] using the relation mentioned above.

The angle between the NV centers and the applied field is
considered by using BNV = Bz/

√
3 and the strain splitting

E is determined to be 3.29 (5) MHz.
Using this calibration, we determine the maximum field

perpendicular to the SC above the vortices to be between
approximately 0.36 and 0.4 mT. Following the model used
in Ref. [27] and considering a bulk London penetration
depth λL = 250 nm [18], we see that these fields corre-
spond to an average distance between the YBCO and the
NV layer of approximately 550 nm. This distance is larger
than expected from the roughnesses of the SC (approxi-
mately 100 nm) and the diamond plate (approximately 3
nm) and the depth of the diamond layer (dNV ≈ 15–85 nm)
and it probably originates from dust particles on the sur-
face of the SC and outliers in the roughness of the SC.
Decreasing the distance between the SC and the diamond
in the future would shrink the observed size of the vortices
and allow us to extract more precise information on the
magnetic field.

B. Single-frequency images

To reduce the image acquisition time, instead of taking
whole ODMR spectra for every pixel, images of vortices
are obtained by determining the contrast for every pixel
for only a single MW frequency (e.g., 2.876 GHz) applied
to drive the NV spins. The magnetic field of the vortex
leads to a splitting of this resonance and, therefore, to an
increased fluorescence at the position of the vortices in
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(a) (b) FIG. 3. (a) A single-frequency

map (acquisition time of approxi-
mately 80 s) with the applied mag-
netic field. (b) A map after the
magnetic field is turned off after
reaching the SC phase. Both pic-
tures show the same vortex pattern
due to strong pinning in the SC
sample.
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the presence of the MW-driving field (see Fig. 2). These
images are taken for different cooling fields, ranging from
Bcool ≈ 0 to 0.18 mT, applied along the direction normal to
the SC film. As expected, the different cooling fields led to
different vortex densities in the SC. The expected number
of vortices is N = BcoolA/�0, where �0 = h/(2e) = 2.07
mT μm2 is the magnetic flux quantum, Bcool is the mag-
netic field during cooldown to the SC phase, and A is
the investigated area. For the dimensions of our sensi-
tive area, which is the area of the diamond microslab of
200 μm2, this leads to N/B ≈ 100 mT−1. Figure 2(d) com-
pares the measured number of vortices with the theoretical
expectation and shows good agreement between the two.

C. Pinning

Another important phenomenon in type-II SC is pin-
ning [28], where the magnetic flux (i.e., vortices) is trapped
within the SC due to disorder, even when the external field
is turned off. This effect is associated with defects in the
superconductor that pin the vortices into their positions. To
study pinning, a single-frequency image of the vortex dis-
tribution, with and without the applied magnetic field after
the cooldown, are taken (Fig. 3). The same vortices can be
identified in both images, which means that the pinning is
strong enough to trap all the vortices that were previously
created, extending the results of an earlier study using
ensembles of NV centers [25], where individual vortices
could not be resolved.

IV. CONCLUSION

A technique is presented enabling wide-field imaging of
vortices in SCs using NV centers in diamond. By using
microfabricated diamond plates, it is possible to reduce the
sample-NV distance, which allows us to study the stray
magnetic field of vortices in a type-II SC. ODMR spec-
tra are obtained to determine the magnetic-field magnitude
from which the distance between the SC and diamond is
calculated to be less than 1 μm. It is possible to reduce
the acquisition time for an entire image using a single fre-
quency. Single-frequency images are taken for different
cooling fields and the obtained number of vortices is com-
pared to the theoretical expectations. In addition, pinning
of the vortices in the SC is observed. To improve this tech-
nique, one could, for example, use a diamond with less
strain to enhance the sensitivity at low magnetic fields or
use a {111} diamond with preferential NV-center orienta-
tion [29], leading to an increase in contrast. In addition,
the use of a diamond with {111} surfaces would align
the NV axis of one of the orientations with the magnetic
field of the vortices and, therefore, increase the result-
ing splitting in the ODMR spectrum. Future experiments
will focus on more detailed studies of the vortices and
their dynamics, such as vortex oscillations in their pinning
potential. Using the presented method, such oscillations

can be sensed from dc up to several MHz [22,30]. The
implementation of pulsed measurement schemes would in
addition enhance the sensitivity to ac fields [20,31]. More-
over, this technique can be applied as a universal tool to
precisely measure the magnetic structures of thin films
and/or surfaces.
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APPENDIX A: SAMPLE PREPARATION

The diamond plates are fabricated using electron-beam
lithograpy lithography and plasma etching [32] of an “opti-
cal grade” Element 6 diamond (produced via chemical
vapor deposition (CVD)) with {100} surfaces and an initial
nitrogen concentration below 1 ppm. The NV-rich layer
close to the surface of the diamond is created using ion
implantation of nitrogen ions with energies of 10, 35, and
50 keV. The diamond is subsequently annealed at 800◦C
for 10 h and at 1200◦C for 2 h to form the NV cen-
ters. Assuming a conversion efficiency of approximately
5% [33], this process results in a NV-center density of
approximately 3.7 ppm within the implanted layer. This
result corresponds to a mean separation of approximately
11.4 nm between the NV centers. The plates are broken
out of an array [34] using a micromanipulator and then
placed on the SC. In this procedure, we cannot control
whether the implanted side is facing toward the diamond.
To increase the probability of finding a diamond positioned
with the correct orientation, several plates are placed on
top of the SC. For a superconductor, a commercially avail-
able YBCO thin film from Ceraco consisting of 250 nm of
YBCO grown on a sapphire wafer with a 40-nm buffer of
CeO2 is used. This configuration leads to an orientation of
the YBCO c axis perpendicular to the surface of the thin
film. The critical temperature of the SC sample is approxi-
mately 87 K (according to the company specifications). In
addition, we are able to transfer the diamond plates to other
samples using a sharp needle. This is due to the fact that
electrostatic forces between the needle and the diamond are
stronger than the van der Waals forces between the SC and
the diamond. The low van der Waals interaction is consis-
tent with the surface roughness and the unexpectedly large
distance between the SC and diamond plate.
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APPENDIX B: EXPERIMENTAL SETUP

The experimental setup consists of a continuous-flow
helium cryostat (Janis model ST-500) and a homebuilt
wide-field fluorescence microscope. The green excitation
light is generated by a Gem 532 laser (Laser Quantum)
reflected with a dichroic mirror (Semrock FF635-Di01-
25x36) and focused onto the sample with an Olympus
LUCPLFLN40XRC objective with a ×40 magnification
and a NA = 0.6. The fluorescence is collected through
the same path; after it traverses the dichroic mirror and a
telescope (to increase the magnification by a factor of 2),
it is focused on the camera [Andor iXon 897 electron-
multiplying charge-coupled device (EMCCD) camera,
with pixel size 16 × 16 μm2] with a 180-mm tube lens.
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