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ABSTRACT

Scanning magnetometry with nitrogen-vacancy (NV) centers in diamond has emerged as a powerful microscopy for studying weak stray field
patterns with nanometer resolution. Due to the internal crystal anisotropy of the spin defect, however, external bias fields—critical for the
study of magnetic materials—must be applied along specific spatial directions. In particular, the most common diamond probes made from
{100}-cut diamond only support fields at an angle of h ¼ 55� from the surface normal. In this paper, we report fabrication of scanning dia-
mond probes from {110}-cut diamond where the spin anisotropy axis lies in the scan plane (h ¼ 90�). We show that these probes retain their
sensitivity in large in-plane fields and demonstrate scanning magnetometry of the domain pattern of Co–NiO films in applied fields up to
40mT. Our work extends scanning NV magnetometry to the important class of materials that require large in-plane fields.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0084910

The imaging of magnetic fields with nanometer resolution is of
key importance to existing and emerging nanotechnologies and offers
a unique view on many physical phenomena and processes. For exam-
ple, the analysis of small ferromagnetic or antiferromagnetic features,
such as domains walls or junctions, is crucial for the development of
next-generation data storage technology and spintronic devices.1–3

The imaging of stray fields also provides access to novel materials and
phases, including skyrmions,4 ferroelectrics,5 complex oxides,6 super-
conductors,7 and topological insulators.8 Nanoscale magnetic imaging
can further be used to detect current flow in nanoscale conductors,
with applications to semiconductor physics and integrated circuits.9,10

Provided sufficient detection sensitivity and spatial resolution, the
measurement of nanoscale magnetic fields can, therefore, provide a
detailed, and often complementary, view on the structure and function
of nanoscale systems.

Scanning magnetometers based on single spins in diamond have
recently emerged as a powerful method for the quantitative imaging of
nanoscale stray fields. Exploiting the principles of quantummetrology,
scanning NV magnetometers combine excellent sensitivity with high
spatial resolution, opening the door for studying weak magnetic

features that are difficult to access with existing magnetic probes. The
technique has, for example, enabled imaging of ferromagnetic vortices
and domain walls,11–13 helimagnetic14 and skyrmionic systems,4,15,16

two-dimensional ferromagnets,17–19 and ferrimagnetic,20 antiferro-
magnetic,2,3,21,22 and multiferroic materials.5 The technique has also
been applied to investigate magnetic excitations and spin waves.23–25

Despite the rapid progress, scanning NV magnetometry has been
mostly confined to zero or weak bias fields (�5mT), or in some cases,
to larger fields applied along a tilted angle with respect to the sample
surface. This limitation is mainly due to the internal crystal anisotropy
of the NV center spin, which requires that bias fields are applied along
the anisotropy axis.26

In this work, we discuss fabrication and operation of monolithic
diamond scanning probes27 with an in-plane spin anisotropy axis. We
reach the in-plane orientation by fabricating tips from {110}-cut dia-
mond single crystals. We demonstrate the performance of {110}-
probes by imaging the stray field pattern from ferromagnetic domains
of Co–NiO films at in-plane fields of up to about 40mT. By compari-
son, we find that conventional, {100}-cut probes start losing their sen-
sitivity around 15mT and are completely quenched above 30mT. Our
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work extends the applicability of scanning NV magnetometry to the
wide range of magnetic structures that require large and variable in-
plane fields for their investigation.

Atomic magnetometry with NV centers relies on monitoring
shifts in the spin transitions using optically detected magnetic reso-
nance (ODMR) spectroscopy.28,29 In its electronic ground state,
the S¼ 1 spin system presents two allowed transitions between the
jms ¼ 0i and jms ¼ 61i spin sub-levels. We label the frequencies of
these transitions by x6. At zero magnetic field, the j61i levels are
degenerate and separated in energy by D ¼ 2p� 2:87GHz from the
j0i level due to magneto-crystalline anisotropy.29 The anisotropy
introduces a preferred quantization axis that coincides with the NV

symmetry axis and lies along one of the four diagonals of the diamond
unit cell [h111i axes, see Fig. 1].

Upon application of a magnetic field, the degeneracy is lifted and
the jþ1i (j�1i) level shifts to higher (lower) energy. The relevant
spin Hamiltonian is given by29

Ĥ=�h ¼ DðŜ2�z � 2=3Þ þ ceðB�x Ŝ�x þ B�y Ŝ�y Þ þ ceB�z Ŝ�z ; (1)

where ce ¼ 2p� 28GHz=T is the electron gyromagnetic ratio
and ~B ¼ ðB�x ;B�y ;B�z Þ is the applied magnetic field. Ŝ�x ; Ŝ�y , and Ŝ�z

are spin-1 operators. The coordinates ð�x;�y;�zÞ of the NV frame
of reference are tilted with respect to the laboratory frame by

FIG. 1. (a) Experimental arrangement. A diamond scanning tip with an NV center at its apex is scanned over the magnetic surface of interest. Optically detected magnetic res-
onance is used to monitor shifts in the spin transition frequencies x6 due to the stray field of the sample. In this work, we consider samples that require a variable in-plane
magnetic field Bip. (b) Crystallographic orientations of NV centers in diamond probes made from {100}-cut and {110}-cut crystals, respectively. h is the angle between the sur-
face normal (the z axis) and the NV anisotropy axis (h111i). Only {110} probes can support h ¼ 90�. (c) Scanning electron micrograph of a finished diamond probe including
NV tip, diamond paddle and silicon handle. (d) Photo-luminescence (PL) saturation curve (Isat � 870 kCt=s) and ODMR spectrum (inset, horizontal axis is microwave fre-
quency) at Bip ¼ 1 mT for a representative {110} probe.
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ð�x ¼ x cos hþ z sin h;�y;�z ¼ z cos h� x sin hÞ, see Fig. 1(b), such
that the �z axis coincides with the h111i anisotropy axis.

Because of the magneto-crystalline anisotropy, fields applied
along the quantization axis (B�z ) have different effects on the energy
levels from those applied transverse to the quantization axis (B�x ;B�y ).
In particular, parallel fields B�z commute with the magneto-crystalline
anisotropy and lead to a linear Zeeman shift

x6 ¼ D6ceB�z : (2)

By contrast, a transverse field in the �x (or �y) direction leads to a mix-
ing between energy levels and a quadratic shift in the transition
frequencies,

x6 � D6ceB�z þ
3c2eB

2
�x

2D
; (3)

where the approximation is best for B�z ;B�x � D and B�z not much
smaller than B�x .

The spin mixing due to off-axis fields has a dramatic effect on the
photo-luminescence (PL) intensity. Because the optical transitions are
no longer spin conserving, the decay rates from the excited state
become similar for both spin states. As a consequence, the �30%
higher PL intensity of j0i compared to the j61i spin state vanishes,
and spin-state readout is no longer possible. This prohibits magnetom-
etry operation. In practice, the effects of spin mixing are complex,30

and transverse fields as small as a few mT already lead to a loss in PL
contrast.

Since scanning magnetometer probes are cut from single-crystal
diamond, the crystal orientation and preferred field direction are
locked to the laboratory coordinate system. For standard diamond
probes fabricated from crystals with an exposed {100} facet, the pre-
ferred field direction is at an angle of h � 55� from the surface normal
[see Fig. 1(b)]. This is an odd angle for applications to magnetic mate-
rials, where either out-of-plane (OOP, h ¼ 0�) or in-plane (IP,
h ¼ 90�) bias fields are typically required.

The obvious route toward OOP or IP magnetometry is the use of
other crystal facets that support the desired NV orientations. In partic-
ular, {111}-cut diamond exhibits a h ¼ 0� orientation, while {110}-cut
diamond contains two h ¼ 90� orientations. Fabrication of different
crystal facets with high surface quality, however, is highly challenging
due to diamond’s super hardness and difficult growth. Recently, engi-
neering {111} crystals with large concentrations of vertically aligned
NV31 and realization of scanning diamond probes from {111} dia-
mond32 has been reported. In this work, we describe fabrication of IP-
oriented diamond probes and demonstrate scanning imaging in large
IP bias fields with little loss in optical PL contrast.

The starting material for our diamond probes is high-purity sin-
gle-crystal diamond plates with a main {110} facet grown by high-
pressure-high-temperature synthesis (NDT LLC, Russia). The intrinsic
nitrogen concentration is not measured, but is expected to be less than
5 ppb as no native NV centers can be detected in the raw material. We
form NV centers by ion implantation (15Nþ, 7 keV, 3� 1010 ions
per cm2, CuttingEdgeIons Inc.) and vacuum annealing (880 �C,
p < 5� 10�8 mbar, 2 h). To fabricate the tips, we use a series of e-
beam lithography and inductively coupled plasma (ICP, Oxford
Instruments PlasmaPro 100) etching steps. Figure 1(c) shows an SEM
micrograph of a finished tip. PL characterization shows saturation
count rates between Isat ¼ 800–1200 kCt=s and spin contrast between

� ¼ 20–25%, see Fig. 1(d). These PL count rate and contrast values are
comparable to those observed on {100} tips of similar geometry.33

Two crystals are processed in this study. With the first batch, we
observe lower photo-stability of the NV centers (�50% of NV centers
bleached within hours of use), likely due to charge conversion.34 NV
centers from the second batch do not show this issue. We do not
know the reasons for the different behavior, and more statistics would
be needed; two possible explanations include an inadvertent incorpo-
ration of boron during synthesis or differences in the etching recipes.
Overall, 14 probes from the first batch and two probes from the sec-
ond batch are used in this study. (Several additional probes from the
second crystal have been used in other measurements.)

FIG. 2. (a) and (b) Series of ODMR spectra for an increasing in-plane bias field Bip.
Color code is PL contrast and symbols identify xþ (�) and x� (�) for the {110}
probe, and xþ (þ) and x� (�) for the {100} probe. For the {100} probe, the mis-
alignment between the NV center axis and the bias field axis is approximately
a � 40

�
. (c) PL contrast � as a function of Bip. (d) Relative SNR [see Eq. (5)] as a

function of Bip. The reduced contrast and anomaly near 20mT for (�,þ) is due to
a resonance in the microwave feed-line, causing a variation in microwave power
and an associated variation in � and linewidth Dx.30 Note that the SNR is mostly
unaffected. (e) Expected contrast vs field for various misalignment angles a, based
on the model from Ref. 36.
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Our scanning diamond probes are assembled by gluing the dia-
mond paddle with the scanning tip [Fig. 1(c)] to a silicon handle struc-
ture, which itself is attached to a quartz tuning fork. The piezoelectric
tuning fork serves as an AFM position feedback. The final orientation
of the NV center can vary by a few degrees between devices, due
mostly to assembly tolerances. For initial characterization, we use a
commercial magnetometer setup (QSM, QZabre AG) equipped with a
vector electromagnet to apply a programmable magnetic field. For
scanning experiments, we mount the assembled probe chip in a
custom-built scanning diamond magnetometer35 and apply the in-
plane magnetic field by placing two small permanent magnets on
either side of the sample (supplementary material Fig. S1). In both set-
ups, we measure the ODMR resonance by continuous illumination
with 520 nm laser light and confocal collection of the emitted lumines-
cent light with a single photon detector. The microwave drive signal is
applied by guiding a microwave current through a thin wire suspended
near the sample. All measurements are conducted in ambient
conditions.

In a first set of experiments, we analyze the PL contrast as a func-
tion of applied bias field Bip. Figure 2(a) shows a series of ODMR spec-
tra for the {110} tip plotted in a two-dimensional PL map. Here, the
bias field is aligned (to within a few degrees) with the NV symmetry
axis. As expected, the response of the resonance frequencies is linear
in Bip [Eq. (2)] and the PL contrast remains high. By contrast, for
the conventional {100} tip, the bias is misaligned by approximately

a ¼ 40� from the NV axis. Now, the dispersion is markedly non-
linear [Fig. 2(b) and Eq. (3)] and the PL contrast strongly reduced
once Bip � 15mT. Figures 2(c) and 2(d) provide further analysis by
plotting the PL contrast � and relative signal-to-noise ratio (SNR) as a
function of Bip. We extract quantities by fitting spectra with a
Lorentzian,30 yielding, besides x6 and �, estimates for the resonance
linewidth Dx (full width at half maximum) and the steady-state PL
count rate I0. From these values, we compute the minimum detectable
field,29,30

Bmin ¼
Dx

2ce�
ffiffiffiffi

I0
p ; (4)

and the relative SNR:

SNRðBipÞ :¼ B
ðBip¼0Þ
min

B
ðBipÞ
min

: (5)

Figures 2(c) and 2(d) plot � and the SNR for both types of probes.
Clearly, for the conventional {100} tips, both � and the SNR rapidly
deteriorate as the bias field exceeds �15mT, while the {110} tips
maintain almost full PL contrast and SNR beyond Bip ¼ 30mT. At
even higher fields, also the {110} tips show a reduction in PL contrast
due to a residual field misalignment (�4�). Figure 2(e) provides a
simulation of � up to 250mT based on a rate model of the optical

FIG. 3. Magnetometry scans of a Co–NiO film for increasing magnetic in-plane fields Bip ¼ 0� 40mT. (a) Map of the PL contrast � recorded with a conventional {100} probe.
(b) Map of the PL contrast � recorded with an in-plane {110} probe. (c) Magnetic field map B recorded using the in-plane {110} probe. Note that the scan for Bip ¼ 38:7mT is
recorded in a different region on the sample. The distance between tip and magnetic surface was not determined, but was �100 nm for similar probes used in other measure-
ments.37 All scans are 3 lm wide.
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excitation,36 confirming that the PL contrast is extremely sensitive to
the field misalignment. Figure 2(e) also shows that for a proper field
alignment, full PL contrast can in principle be maintained for the
entire field range, except for values close to the spin zero-crossings
near 50 and 100mT.

To demonstrate nanoscale magnetic imaging, we perform scan-
ning magnetometry of the domain pattern formed in a 2.5-nm-thin Co
film sandwiched between two NiO layers. Such a sandwich structure of
ferromagnetic (Co) and antiferromagnetic (NiO) films has considerable
potential for applications in spintronics.38 The sample is fabricated by
magnetron sputtering on a Si substrate, with the following stack-up: Si/
SiO2(400)/Ta(3)/Pt(5)/NiO(5)/Co(2.5)/NiO(5)/Pt(3), where thicknesses
are in nm. The NiO film in this sample acts as a pinning layer for the
Co moments and increases the latter’s coercivity via exchange bias.
Supplementary material Fig. S2 shows a hysteresis loop of the full film,
indicating that the in-plane coercivity is around 40–50mT.

Figures 3(a) and 3(b) show maps of the PL contrast obtained by
scanning the respective tips over the sample surface. The in-plane bias
field increases from left to right. The PL contrast maps show a pattern
of dark (white) regions, indicating areas where the NV centers experi-
ence a small (large) transverse field. The contrast maps, therefore,
loosely reflect the Co–NiO domain structure.3 Importantly, as Bip

increases, the PL contrast for {100} probes turns to complete white,
i.e., a total loss of PL contrast. Hence, the probe entirely loses its ability
to sense the stray field above about 20mT and magnetometry analysis
is no longer possible. By contrast, for the {110} probe, almost full PL
contrast is maintained up to maximum accessible field Bip � 40mT.
The persistent PL contrast is in agreement with the data of Fig. 2(c).

In Fig. 3(c), we use the {110} probe to perform magnetometry of
the Co–NiO sample over the full Bip range. Each panel plots the in-
plane component of the sample’s stray field B ¼ ðxþ � x0

þÞ=ce,
where x0

þ is the resonance frequency measured after retracting the tip
by a few lm from the sample surface. We observe magnetic structures
with a typical length scale of 100� 200 nm, which is a reasonable
number for the average domain size for the Co film.38,39 While the
magnetic pattern is essentially unchanged for the three panels
Bip < 30mT, a clear reduction in the stray field is observed in the last
panel where the applied field is close to the coercive field. Note that
this reduction is unaffected by possible variations in the PL contrast
because the latter only influences the sensitivity, but not the measured
stray field value. In addition, there is an apparent slight increase in the
domain size. For even larger bias fields, complete saturation of the
sample would be expected; however, these fields are not accessible
with our present experimental arrangement. Overall, Fig. 3 clearly
demonstrates our ability to study stray field patterns in large in-plane
fields without a significant loss in sensitivity.

In summary, we demonstrate the fabrication and application of
scanning probes made from {110}-cut diamond. These probes can
host NV centers with their anisotropy axis parallel to the sample sur-
face. This arrangement makes it possible to apply an in-plane field
magnetic field to samples without losing the NV center’s sensing capa-
bility. As an example, we demonstrate quantitative scanning magne-
tometry of a Co–NiO film in applied fields of up to �40mT. Looking
forward, the ability to apply purely in-plane bias fields is important to
a number of applications in the fields of spintronics and thin-film
magnetism, for example, to break the symmetry and allow current-
induced switching of ferromagnetic layers.40

See the supplementary material that accompanies this manu-
script, including a description of the magnet assembly (supplementary
material Fig. S1) and a magnetic hysteresis curve of the Co–NiO
sample (supplementary material Fig. S2).
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