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ABSTRACT

We present an implementation of all-diamond scanning probes for scanning nitrogen-vacancy (NV) magnetometry fabricated from (111)-oriented
diamond material. The realized scanning probe tips on average contain single NV spins, a quarter of which have their spin quantization axis
aligned parallel to the tip direction. Such tips enable single-axis vector magnetic field imaging with a nanoscale resolution, where the measurement
axis is oriented normal to the scan plane. We discuss how these tips bring multiple practical advantages for NV magnetometry, in particular,
regarding quantitative analysis of the resulting data. We further demonstrate the beneficial optical properties of NVs oriented along the tip direc-
tion, such as polarization-insensitive excitation, which simplifies optical setups needed for NV magnetometry. Our results will be impactful for
scanning NV magnetometry in general and for applications in spintronics and the investigation of thin film magnets in particular.

© 2019 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/10.1063/1.5127101

Scanning probe magnetometry using nitrogen-vacancy (NV)
center electronic spins in diamond offers a unique combination of spa-
tial resolution, magnetic field sensitivity, and quantitative magnetic
imaging."” These combined performance characteristics have led to
room-temperature imaging of single electron spins,’ nanoscale
domains in multiferroics,’ and antiferromagnets,”” and to cryogenic
experiments addressing superconductors” ® and magnetism in atomi-
cally thin crystals.” These and other studies have demonstrated how
scanning NV magnetometers can yield valuable insights into materials
of high scientific and technological interest, beyond the capacity of
existing nanoscale imaging methods.

Magnetometry based on NV center spins'’ builds on the extraor-
dinary properties of this point defect in diamond that consists of a
nitrogen atom adjacent to a lattice vacancy [Fig. 1(a)]. The negatively
charged NV center has a ground state electronic spin-1, which is quan-
tized along the NV binding axis, exv, and which can be readily initial-
ized and readout by optical pumping and spin-dependent
fluorescence.'' These properties, along with the NV spin’s response to
magnetic fields through the Zeeman effect, render the NV spin an
effective single-axis vector magnetometer, where, e.g., optically
detected magnetic resonance (ODMR) can be employed for precise

measurements of By = Bey - exy, the projection of an external mag-
netic field Bey onto exy.”

All-diamond scanning probes hosting individual NV spins in
nanopillars [Fig. 1(b)] offer a particularly powerful approach to per-
form nanoscale NV magnetometry' and have been the basis of key
achievements in the field.”*'* All reported implementations of such
scanning probes thus far consisted of diamond tips fabricated from
(100)-oriented starting material—the most commonly available crystal
orientation for high purity diamonds. As a result, such (100)-oriented
scanning probes yield nanoscale magnetic field maps of Byy, where
the measurement axis exy || (111) is oriented at 54.7° from the sam-
ple normal. However, as will be discussed in the following, such vector
magnetometry obtained with oblique measurement angles does not
offer the optimal measurement configuration and could be signifi-
cantly improved if NV centers oriented normal to the scanning plane
could be employed.

It has been well established in scanning probe magnetic imaging
that single-axis vector magnetometers measuring the out-of-plane
(OOP) magnetic field component with respect to the scanning plane
yield the best possible measurement configuration,"” in particular, to
determine quantitative information about the underlying sample
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FIG. 1. (a) Atomic structure of the diamond NV center. The nitrogen atom and vacancy
are represented by red and white spheres, with the [111] and [100] directions as indi-
cated. (b) Schematic of scanning nitrogen-vacancy (NV) center magnetometry with an
all-diamond probe containing a single NV center (red point). The NV is scanned at
height zyy over a thin-film magnet (where typically, zyy ~30 — 80 nm). (c) Calculated
magnetic field map Byv(x, y) for a (100)-oriented diamond tip, with zyy = 70nm, a
disk diameter of 1 um, and an areal disk magnetization of 1 mA. (d) The same as in
(c) but for an out-of-plane (OOP)-oriented NV in a (111)-oriented diamond tip. [(€) and
()] Linecuts through the maps shown in [(c) and (d)]. Only for the OOP-oriented NV
magnetometer, the rotational symmetry of the sample is retained in Byy.

magnetization.'* The key underlying reason is that a vector magnetic
field image of any in-plane field component inherently lacks informa-
tion about Fourier components of the magnetic field map correspond-
ing to k-vectors perpendicular to the measurement axis. An OOP
vector magnetometer is therefore the only configuration that avoids
such a loss of information, yielding a better signal-to-noise ratio in
commonly employed reverse propagation methods.'”'” Additionally,
stray field maps obtained using non-OOP magnetometers exhibit dis-
tortions, which complicate their direct interpretation, as illustrated by
the calculated maps shown in Figs. 1(c) and 1(d). Besides these general
advantages of an OOP measurement axis, the photophysics of the
NV center demands that the NV axis ey is aligned to the external mag-
netic field for field amplitudes =10 mT in order to maintain sizable
ODMR contrasts.'* For studies of many prominent physical phenom-
ena, such as quantum Hall'” or Skyrmion'® physics, this requirement
can only be satisfied by an OOP NV orientation. Finally, an OOP NV
orientation is also advantageous in that it maximizes the overlap of the
NV optical dipoles with the waveguide mode of the scanning diamond
nanopillar and thereby optimizes the optical addressing of NV spins."”
Based on this general motivation, we present an experimental
realization of scanning NV magnetometry tips with OOP oriented NV
spins. Such devices require the use of (111)-oriented diamond for
scanning probe fabrication, where one of the four possible NV orienta-
tions is aligned with the [111] axis and OOP with regard to the result-
ing scan plane. Fabrication of diamond nanopillars on (111)-oriented
diamond has been demonstrated previou'sly;lg however, no scanning

ARTICLE scitation.org/journal/apl

probe fabrication or NV magnetometry operation has been demon-
strated for this crystal orientation thus far. In this work, we overcome
this shortcoming, characterize the key properties of our resulting
(111)-oriented, all-diamond scanning probes, and experimentally
demonstrate their performance in nanoscale magnetic imaging.

The starting point for our fabrication was electronic grade, (111)-
oriented single crystal diamond (IIa technologies), which was laser-cut
and polished to a 50 um thin diamond plate. Near-surface NV centers
were created by ion-implantation with '*N at 6keV and a density of
3 x 10" cm 2, followed by vacuum annealing at 800 °C. Following
the fabrication recipe reported elsewhere,” this implantation density
resulted in an average of two NV centers per scanning probe. We
obtained arrays of 10 um x20 um sized cantilevers holding ~300 nm
diameter nanopillars, where cantilevers and pillars had a depth of
2 um each [Fig. 2(a)]. For scanning probe magnetometry, individual
all-diamond cantilevers were detached from bulk diamond using
micromanipulators and suitably attached to a quartz tuning fork for
atomic force feedback control.”

To characterize the resulting NV scanning probes for magnetom-
etry, we performed confocal optical imaging [Fig. 2(b)] using a home-
built confocal microscope operating under ambient conditions. The
NV centers were addressed using a microscope objective with a numer-
ical aperture of 0.8, excited nonresonantly with a green laser (532 nm),
and the NV fluorescence was collected at wavelengths between 600 nm
and 800 nm. A metal wire placed close to the focal spot of the micro-
scope was used to apply microwave magnetic fields to drive NV spins
for ODMR.

Our fabrication resulted in a few hundred scanning probes on
the diamond chip, a subset of which was investigated for the present
study. Applying a magnetic field along the sample normal allowed us
to discriminate the OOP (i.e., [111])-oriented NVs from the non-OOP
(ie, [111], [111], or [111])-oriented ones [Fig. 2(c)]. Specifically,
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FIG. 2. (a) Optical microscopy picture of an array of finalized scanning probes fabri-
cated from a (111)-oriented single crystal diamond. (b) The same area as in (a)
imaged by confocal microscopy. Bright dots on the cantilevers correspond to nano-
pillars containing varying numbers of NV centers. (c) Visualization of the NV orien-
tations and the applied magnetic field in the z-direction. ¢ and 0 denote the angles
in the spherical coordinate system. (d) ODMR spectra recorded on differently ori-
ented NV centers in scanning probes and bulk diamond in an approximately OOP
bias magnetic field of 5mT, yielding an almost perfect overlap of the three non-
OOP NV orientations.
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ODMR of OOP-oriented NVs shows a Zeeman splitting 2yyyBxv,
with yyy = 28 GHz/T being the NV’s gyromagnetic ratio, which is
three times larger than that of the other three orientations [Fig. 2(d)].

In addition, we explored the excitation polarization dependence
of NV fluorescence in our devices. This allows for a microwave-free
discrimination of NV orientations, based on the fact that the NV cen-
ter’s optical transitions are related to two optical dipoles lying in the
plane orthogonal to the NV axis.”” For linearly polarized excitation
well below saturation, the NV excitation rate is then directly propor-
tional to the projection of the excitation polarization onto these
dipoles. Basic geometrical considerations yield the dependence of fluo-
rescence intensity Iy on the angle of excitation polarization ¢, as
Ixv(p,) =1, for OOP-oriented NVs and Inv(¢,) = Ip[sin*(o,
— ny) +3 cos’(@, — @yy)] otherwise, where @y is the azimuthal
angle of the NV axis [cf. Fig. 2(0)].24*

In our experiment, we used a liquid crystal polarization rotator
(Thorlabs) to rotate the linear polarization of the excitation laser, set
to a power below NV saturation, while collecting single NV fluores-
cence without polarization discrimination. Figure 3(a) shows data for
three representative NVs oriented along the three non-OOP-oriented
NV axes, where we observe distinct minima of I(¢,), reaching
~0.23 Iy at @, = @y for each dataset. As expected, ¢y is shifted by
+120° between the three cases. The minima of I(¢,) exceed the
expected value of § Iy—an observation we assign to background fluo-
rescence and the onset of optical saturation. For the OOP-oriented
NV centers [Fig. 3(b)], we observe a weak polarization dependence,
which we attribute to mechanisms that break the cylindrical symmetry
of the examined structures, such as off-center positioning of the NV
centers in the pillar,"”*’ asymmetric pillar shapes, or transverse strain
experienced by the NV.**

Finally, we conducted experiments to demonstrate the practical
benefits of OOP-oriented single NV centers by using the correspond-
ing tip for nanoscale magnetic imaging. For this, we mapped stray
magnetic fields emerging from a thin magnetic film [Ta/CoFeB
(1 nm)/MgO] with OOP magnetization, as commonly employed for
experiments in spintronics and skyrmionics.””*® The sample was pat-
terned into an arrangement of 1 um wide stripes to generate a nontriv-
ial stray field distribution. For magnetometry, the scanning NV center
was positioned in the focus of the confocal microscope, while the

a 120° Ao, 60’ b
[111] O
e,
180° 0 <00 180°
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240° " 300°

FIG. 3. (a) Dependence of NV fluorescence intensity on excitation polarization
angle ¢, for the three NV center orientations away from the out-of-plane (OOP)
direction. The strong dependence on the polarization angle allows for the determi-
nation of the NV orientation. (b) The same as in (a) for three OOP-oriented NV cen-
ters, all of which show only a weak dependence on the polarization angle. For both
graphs, points show the experimentally measured data, while lines correspond to
the same data shifted by 180°. For each dataset, fluorescence is normalized its
maximal value.
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sample was scanned laterally below the tip, with the distance
between the tip and the sample stabilized by atomic force feedback.”
At each point of the scan, we recorded an ODMR spectrum to deter-
mine Byy.

A typical NV magnetometry image obtained over a “T-shaped”
section of the CoFeB pattern is shown in Fig. 4(a). The key outcome of
employing an OOP-oriented NV for this experiment is that the mea-
sured stray field shows qualitatively the same behavior at every edge of
the magnetic film, irrespective of edge orientation. Specifically, By
shows a sharp sign-reversal with a zero-crossing and a near-perfect
antisymmetric behavior along the magnetic film edge [Figs. 4(c) and
4(d)]. This behavior is in strong contrast to magnetometry with non-
OOP oriented scanning NV centers,”*’ where the qualitative behav-
ior of Byy near sample edges depends strongly on the orientation of
the edge [Fig. 4(b)]. The quantitative data obtained with our tip can be
fitted by an analytical model, from which sample magnetization M
and NV-sample distance zyy can be readily extracted.”” In the present
case, where only the OOP component of the stray field is measured,
the model for all edges takes the same and particularly simple form,

M X

B =B == Ay
NV

(6]
where x represents the lateral displacement from the magnet edge, 1o
the vacuum permeability, and M the two-dimensional sample magne-
tization. A fit to the linecuts in Figs. 4(c) and 4(d) gave M = 1.07
+0.02mA and zyy = 81 = 17 nm, 78 = 2 nm, and 55 = 2 nm for the
three edges observed. The difference in zyxy found between the

40nm]

Position (um)

FIG. 4. (a) Two-dimensional map of Byy obtained with an OOP-oriented NV center on
a pattemed, 1nm thin CoFeB fim in an OOP bias magnetic field of 4 mT. (b)
Simulation of Byy from a “T-shaped” sample as measured by an OOP NV (top) and
by an NV with Oyy = 54.7° and ¢y = —90° (bottom), using M = 1mA and
zyy = 70 nm. The same color scale as in (a). (c) and (d) Independently measured line-
cuts of Byy along the lines indicated in (a). The red lines are analytical fits to the data
(see the text), which allow for a quantitative determination of M and zyy. Importantly,
and in contrast to other NV orientations, Byy shows the same antisymmetric behavior
across each sample edge, imespective of edge orientation. (e) lllustration of the filt-
induced variation of zy, between adjacent edges, responsible for the unequal maxima
of Byy between the three CoFeB edges observed in (c) and (d). Note that the spatial
sampling rate chosen for the image in (a) slightly exacerbates this asymmetry, com-
pared to the more highly sampled line cuts in (c) and (d).
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different edges can be explained by geometrical factors originating
from a small angular misalignment of the scanning tip with respect to
the sample normal [Fig. 4(e)]. Importantly, we find in all cases that
znv is clearly below 100 nm, demonstrating the excellent spatial reso-
lution of our (111)-oriented diamond probes in NV magnetometry.

In conclusion, we have demonstrated a realization of (111)-
oriented diamond probes for scanning NV magnetometry, with NV
spins oriented normal to the scan plane. With our experiments, includ-
ing a nanoscale magnetic image using such tips, we have demonstrated
how this measurement configuration brings practical advantages at
various levels for NV magnetometry. Next to the general advantages
for scanning magnetometry, we have also demonstrated specific advan-
tages with respect to the probe’s nanophotonic properties. The insensi-
tivity of the NV’s optical response to the orientation of linearly
polarized laser excitation reduces the required optical powers and low-
ers experimental complexity for an optimized sensing apparatus. As
was shown in earlier works, the orientation of the optical dipoles of
OOP-oriented NVs is also beneficial for NV fluorescence collection
efficiency and thereby for magnetometry sensitivity.'””' Future
improvements of our (111)-oriented diamond probes will further opti-
mize this aspect and, together with the advantages of NV magnetome-
try demonstrated in this paper, will be beneficial for a wide range of
applications of scanning NV magnetometry in nanomagnetism and
mesoscopic physics.

We thank V. Jacques, J.-V. Kim, and J. Kolbl for helpful
comments and K. Garcia and R. Soucaille for fabrication of the
CoFeB sample investigated. We gratefully acknowledge financial
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