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ABSTRACT

The nitrogen-vacancy (NV) centers in diamond have been applied to scanning magnetometer probes combined with atomic force micros-
copy (AFM) to demonstrate nanometer-scale magnetic sensing and imaging. However, the scanning diamond NV center probe fabrication
requires complicated processes including electron-beam lithography and photolithography. In this study, we introduce an alternative
method to fabricate a scanning NV probe using laser cutting and focused ion beam (FIB) milling from a bulk diamond hosting an ensemble
of NV centers. A few tens of micrometer-sized diamond pieces, cut by laser processing, were attached to the probe end of a quartz tuning-
fork-based AFM. Then, it was fabricated into a few-micrometer-sized diamond NV center probe by using a donut-shaped milling pattern in
the FIB processing to avoid damage to the diamond probe surface to degrade the NV~ charged state at the tip apex. By using a home-built
scanning NV magnetometer probe microscopy setup, an optically detected magnetic resonance was measured to detect stray magnetic fields
demonstrating the imaging of a magnetic structure of approximately 5-um periodicity from a magnetic tape. This study offers a method
with a higher degree of probe-shape control for scanning NV probe that will broaden its application capabilities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0072973

I. INTRODUCTION structures with a spatial resolution of approximately 10 nm from
ferromagnetic samples, and magnetic vortex imaging from super-
conducting materials with high magnetic-field sensitivity of several
nT/v/Hz? respectively. However, these have limitations such as the
requirement of operation in an ultrahigh vacuum (SP-STM) and
low temperature (scanning SQUID microscopy), inability to
perform quantitative stray-magnetic field measurements (MFM),
and spatial resolution by the size of the magnetic probe and
SQUID device.

To overcome these drawbacks, the nitrogen-vacancy (NV)
center, a color center in diamond, has gained attention for its mag-

With the trend of downsizing of magnetic devices and the
introduction of new device concepts in spintronics fields, the detec-
tion and imaging of magnetic materials and their spin properties at
the nanoscale have gained importance.'™ Therefore, the addition
of magnetic sensing capabilities to scanning probe microscopy
(SPM) techniques such as scanning tunneling microscopy (STM)*
and atomic force microscopy (AFM)” has been developed. To date,
scanning magnetometer probes such as spin-polarized STM
(SP-STM),° magnetic force microscopy (MEM),” and scanning
superconducting quantum interference device (SQUID) micros-

9 . 10,11 : i o 12,13 .
copy” have been developed. These scanning magnetometer probes netic,” electric, and temperature sensing capabilities with
using spin-polarized, magnetic, and SQUID scanning probes show nanoscale spatial resolutipn and high sensitivities, working in
imaging of atomically resolved spin structures, magnetic domain  various environments.'"™>’ The ground spin states of the NV
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FIG. 1. (a) lllustration of the fabrication procedure of a scanning diamond NV probe: (i) ion implantation with *N" into the diamond substrate, (ii) laser cutting process of a
bulk diamond into rod shapes, (iii) gluing a diamond rod to the apex of a quartz tuning-fork AFM probe, and (iv) the donut-shaped FIB milling process with inner (R;) and
outer (R,) diameter to fabricate a micropillar. Optical (b) and SEM images of the side view (c) and top view (d) of the scanning diamond NV probe.

center, mg=0 and mg=*1, can be detected by an optically
detected magnetic resonance (ODMR) and stray magnetic fields
from a magnetic sample are sensed through the Zeeman effect in
the ODMR.”* By attaching a diamond probe hosting the NV center
to an AFM probe end, a scanning NV-center probe for local mag-
netic imaging can be realized. A magnetic-field sensitivity of
1uT/v/Hz with an ensemble of NVs probe and a spatial resolution
of 3nm with a single NV probe has been reported depending on
the number of NVs with a trade-off relation.””*

The fabrication of NV-hosting diamond probes is key to scan-
ning magnetometer. Recently, the scanning NV diamond probe has
become available commercially (Qnami Co., Ltd., QZABRE Co.,
Ltd.),Z(’ increasing the number of its users. However, for NV-probe
fabrication, it requires photolithography and electron-beam lithog-
raphy.”””® Thus, alternative NV probe fabrication methods are
required. This study demonstrates a method for fabricating a scan-
ning diamond NV probe using laser cutting and focused ion beam
(FIB) milling, giving a higher degree of control over the probe
shape for both the bulk part and the tip, which opens the possibil-
ity of optimizing the shape, e.g., to maximize PL collection. FIB has
been a powerful tool for fabricating SPM probes milling tip apexes
down to a few nanometers;””*” however, it cannot be used for scan-
ning NV probe fabrication because of the damage of the diamond
structure by Ga* ions, which alters the NV~ state to NV°.*"*? FIB
is used only for cutting the base of the scanning diamond NV

probe’® and for diamond-hosting NVs at deep positions from
surface fabricating solid immersion lenses and photon
cavities.””* In this study, we demonstrated that a scanning
diamond NV probe can be fabricated using a donut-shaped milling
pattern in FIB fabrication to avoid NV damage at the probe center
position with at least approximately 1 um of probe diameter, dem-
onstrating magnetic structure imaging from a magnetic tape.

Il. EXPERIMENTAL METHOD

The fabrication procedure for a scanning NV probe with FIB
is shown in Fig. 1(a). A (100)-oriented type Ila bulk diamond
sample grown by chemical vapor deposition (CVD) was used. To
create NV centers, '*N* ions were implanted with a dose of
1.0 x 10'?/cm® with an incident energy of 30 keV followed by
annealing at 900 °C for 1 h. The sample was cleaned and oxidized
in a solution of a mixture of HNO3:H,SO4=1 (10 ml):3 (30 ml) at
220 °C for 30 min.

The opposite side of the implanted surface of the bulk
diamond was polished to a thickness of 50 um and cut into a rod
shape of approximately 35 x 35 x 50 um® by laser cutting (SYNTEK
Co., Ltd.). One rod was removed using a sharp knife and picked up
by a chemically etched sharp tungsten wire. The diamond rod was
then glued with a silver paste (H20E, EPOTEK Co., Ltd.) to the
apex of another chemically etched tungsten wire probe attached to
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FIG. 2. (a) Experimental configuration combining a confocal scanning laser microscopy with the scanning NV-probe quartz AFM. (b) A 3D topographic AFM image of the
magnetic tape sample. A microwave is introduced to the scanning diamond NV probe via Au wire (¢ =25 um) overlaid on the sample under an in-plane external magnetic
field Hext = 5.2 mT. (c) Side and top views of the quantum axes of NV centers (NV1-NV4) in the diamond probe.

the quartz tuning fork for AFM [Fig. 1(b)]. We note that the used
tuning fork (AB38T-32.768kHz, Abracon Co., Ltd.) is relatively
large (the effective prong length of 3.3 mm and width of 0.5 mm),
and thus a large mass of probes can be attached enabling easy han-
dling and wide application for researchers.

Next, the NV diamond rod front surface was milled by FIB
with a 30kV Ga* ion source into a probe shape using a donut-
shaped milling pattern. Ion implantation by Ga" ions creates
vacancies in a diamond, inducing instability of the NV~ state to
NV neutral state’” can be avoided using a donut-shaped milling
pattern. First, FIB milling with inner (Ri: 5.6 um) and outer (R:
23.4um) diameters of the donut-shaped milling pattern with an
ion-source current of 1.3 A was used to fabricate a rough shape of
the diamond probe. Then, the reduced diameters (R;: 1.3 um) and
(Ry: 11.9 um) with an ion current of 730 pA were used for precise
fabrication control, which resulted in diameter and length of
approximately 1.3 and 6um, respectively, of the fabricated
diamond probe, as shown in Figs. 1(c) and 1(d).

A home-built confocal scanning microscope system imple-
mented with Galvano mirrors performed optical address and
readout of the NV states, as shown in Fig. 2(a). The excitation laser
(wavelength: 532 nm) passes through the long working distance
(WD) objective lens (TU Plan EPI ELWD, WD: 11 mm, numerical
aperture: 0.6, Nikon Co., Ltd.) to excite the NVs attached to the

quartz tuning-fork AFM probe end set between the objective lens
and the sample. The vertical focal position was controlled by the
z-axis piezo scanner fixed to the objective lens, and the laser was
scanned in the horizontal plane by controlling the angle of the
Galvano mirrors. An electromagnet was set to apply an in-plane
external magnetic field (Hex =5.2 mT) separating energy of elec-
tron spin states, mgy=+1 of NVs for each quantum axis by the
Zeeman effect. The sample was placed on a microstrip line, where
an Au wire (¢ =25um) was overlaid on the magnetic tape sample
for microwave excitation of NV spin state with 50 Q termination. A
microwave from a signal generator (SG6000F, DS Instruments Co.,
Ltd.) with a power of 0dBm, passing through an RF switch
(ZYSWA-2-50DR, Mini-Circuits Co., Ltd.) and a circulator
(H02S01, Chengdu Bocen Microwave Technology Co., Lid.), was
amplified (ZVA-183-S+, Mini-Circuits Co., Ltd.) to 19.3 mW and
fed to the Au wire. For the sample, a magnetic tape recorded with
an audio signal of 5kHz shows that an in-plane magnetized mag-
netic structure of approximately 5 um, periodicity confirmed by the
Bitter method, was used.”’

The scanning NV diamond probe also works as a quartz
tuning fork-based AFM using a resonantly oscillated condition of
the phase-locked loop with amplitude-signal feedback for z-
distance regulation. When the probe was brought closer to the
sample surface, the tuning fork oscillation was horizontal to the
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FIG. 3. Optical (a) and PL (b) top-view images of the scanning diamond probe. The probe position was marked by the white dashed circle, where shows maximum PL
intensity as shown in the line profiles. (c) PL intensity (solid line) from the NV-diamond probe as a function of the laser-focusing z position. First derivatives of the PL data
filtered with Savitzky-Golay (solid circles) and a fitted curve (red solid line) by fourth order polynomial were shown. The fitted-maximum position (blue solid line) was set
for tracking of the NV-probe z position. (d) Optical top-view images observed at different focal positions. (e) The relative coordinate of the quantum axis of NVs (NV1-NV4)

of the diamond probe tilted to the magnetic sample inferred from (d).

sample plane detecting a frictional force, as shown in Fig. 2(a). The
oscillation amplitude used for the quartz tuning fork was calibrated
using the vertical oscillation mode setup and was estimated at
approximately 35 nm.”®

The diamond [110] crystal axis of the scanning NV probe is
directed parallel to the applied external magnetic field Hey
by adjusting the angle ¢ of the quartz tuning fork, as shown in
Figs. 2(a) and 2(b). Figure 2(c) shows a schematic drawing of four
possible NV axis orientations in the scanning diamond probe:
[111], [111], [111], and [111] shown by green (NV1), blue (NV2),
yellow (NV3), and red arrows (NV4), respectively. The vector’s
inner product of the magnetic field and each NV axis contributes
to a resonance frequency shift in the ODMR signal. In the experi-
mental configuration, the ODMR signal from NV1 (NV2) and
NV3 (NV4) having a larger angle of nearly 90° (a smaller angle of
35°) to the Hey, direction shows ODMR signals at around the near
zero-field splitting frequency of 2.87 GHz (lower and higher reso-
nant frequencies with larger Zeeman splitting).

Figure 3(a) shows an optical top-view image of the scanning
diamond-rod probe, where the probe position is indicated by a
white dotted circle observed in the experimental configuration in
Fig. 2. Figure 3(b) shows the photoluminescence (PL) image
obtained from the diamond-rod probe, which shows the maximum
PL intensity at the probe position. We note that a high PL intensity
background at other areas than the probe is observed, which is due
to NVs formation from native impurities of used type Ila diamond.
Monitoring the PL intensity, in-plane and z probe positions were
tracked using the Galvano mirror and z piezo scanner, respectively,

as shown in Fig. 2(a). The observed PL dependence in the z focal
position shows a broad distribution of more than a few microme-
ters below the probe surface Fig. 3(c). The PL data were differenti-
ated, and the z focal position was set as the maximal z differential
rate position to track the vertical position by regulating the z-piezo
scanner, as indicated by the blue solid line in Fig. 3(c).”” This regu-
lated z position is expected to enhance NVs contribution near the
surface compared with the z position at the maximum PL.

The scanned NV-diamond probe surface was observed as
shown by optical top-view images with different focal positions
apart 35um in the y’ lateral direction and 5um in the z vertical
direction with 1 ym uncertainty [Fig. 3(d)], showing tilted angles
of approximately 8.1° [arctan (5/35)] to the X direction with
respect to the sample surface, and 11.4° [arctan (5v/2/35)] to the x
and y directions. The tilted probe angle can be adjusted for the
final angle within a few degrees by bending two-wire electrodes
connected to the tuning fork base [Fig. 1(a) (iii)]. The relative coor-
dinates of the quantum axes of NVs (NV1-NV4) of the diamond
probe tilted to the magnetic sample, as inferred from Fig. 3(d), are
shown in Fig. 3(e).

1ll. RESULT AND DISCUSSION

A magnetic tape sample was scanned with a diamond NV
center probe with data points of 5 x 50 corresponding to a scanning
range of 5x 40 um® under AFM feedback control. Simultaneously,
at each scanning point, the ODMR spectrum measurement was
performed with a laser power of 0.84 mW and an input microwave
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FIG. 4. Imaging of the periodic magnetic domain structure in a magnetic tape using the scanning diamond NV centers probe: an AFM topographic image (a) and
an ODMR spectrum (b) measured at the white cross-mark position on the topography of the magnetic tape were shown. The PL intensity at the ODMR frequency of
frow = 2.900 GHz indicated with the dashed line in (b) was mapped for each scanning position normalized with averaged background (c) and near-resonant frequency of
2.920 GHz (d) PL intensities. (€) The PL (norm.) intensity of the ODMR spectra obtained at different sample positions of (i) and (ji) indicated in (c) shown with and without
offset (inset) zoomed at around a frequency of 2.909 GHz. (f) The PL (norm.) intensities at f,, =2.909 GHz indicated with the dashed line in (e) were mapped for each
scanning position. (g) ODMR f,.s mapping near symbols of the triangle (~2.90 GHz) and rhombus (~2.98 GHz) indicated in (e) for each scanning position. (h) Schematic
of magnetic-field imaging by scanning diamond NV probe from the magnetic domain. H was shown as a summation of applied in-plane Hex and Heray.

power of 19.3 mW. Figure 4(a) shows an AFM topographic image
of the flat magnetic tape with an average roughness of R, =55 nm.
In Fig. 4(b), the ODMR spectrum obtained at the white cross-mark
position in Fig. 4(a) was shown, where the PL intensities were nor-
malized by averaged total PL counts [PL (norm.)]. The PL data

were smoothed by Savitzky-Golay filter shown by black solid lines.
In the spectrum, multiple resonant dips by the Zeeman effect sym-
metric to the NV’s zero-field splitting frequency of 2.87 GHz were
observed with the largest ODMR dip signal at 2.900 GHz denoted
by the dashed line. (The DC magnetic-field sensitivity was
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estimated as 12.3 4 T/+/Hz from the resonance-dip slope.) At dif-
ferent scanning NV probe positions, the ODMR resonance fre-
quencies shift according to the spatial variation of the stray
magnetic fields resulted in the PL [PL (norm.)] intensity changes at
a fixed frequency. Here, PL [PL (norm.)] was normalized by the
off-resonant PL intensity of f,,, = 4.000 GHz as a reference signal.
Subsequently, PL (norm.) at 2.900 GHz is mapped in Fig. 4(c), and
a periodic spatial pattern of approximately 5um in the x-direction
appeared with a dark line at the cross-mark position. Similarly, PL
mapping normalized not by averaged total PL intensity but by near
resonance PL intensity of fe., = 2.920 GHz, which will enhance the
contrast twice as shown in Fig. 4(d).181°

In Fig. 4(e), the ODMR spectra, obtained at two different
positions labeled by (i) (blue) and (ii) (orange) in Fig. 4(c) on the
magnetic tape sample, are shown with offset. These spectra show
ODMR frequencies with a slight shift at each scanning position
according to the spatial variation of the stray magnetic fields,
resulting in PL (norm.) intensity variation at a fixed frequency near
resonance, as shown in the inset of Fig. 4(e). In Fig. 4(f), at the
near resonance of fi,,=2.909 GHz, PL (norm.) contrast at each
scanning position was mapped with a scanning range of 4 x 40 ym®
(grids of 40x400 points). The obtained PL (norm), intensity
mapping image showed a periodic domain pattern corresponding
to the magnetic domain structures, where the position (i) and (ii)
in Fig. 4(c) are observed as bright and dark domain, respectively, in
contrast to Fig. 4(c).

Next, we extracted the resonance-dip frequency (fs) of the
ODMR spectra focusing on two resonance dips marked by triangles
(approximately 2.90 GHz) and a rhombus (around 2. 98 GHz) in
Fig. 4(e). The frequencies of f. at each scanning point are mapped
in Fig. 4(g), and a periodic pattern of approximately 10 um was
observed in the mapping of f (triangle) and f.s (thombus) with a
phase shift.

The observed periodic pattern and phase shift can be
explained by the relative orientations between the NV axis and the
effective magnetic fields: the summation of the external magnetic
field and stray magnetic field from the magnetic tape sample.
Figure 4(h) shows a schematic drawing of the magnetization
vectors of magnetic domains A and B in the magnetic sample
together with stray fields from the magnetic domains. The scanning
diamond probe on the magnetic sample senses an effective mag-
netic field (Heg), which is the summation of the stray magnetic
field (Hyay) and the external magnetic field (Hey).

As shown in Fig. 4(h), the NV1 (NV3) axis in the tilted
diamond probe exists nearly in the y-z plane, and the angle
between the NV1 (NV3) axis and H.g is not perfectly 90°, resulting
in small Zeeman splitting to show resonance signal at a lower fre-
quency [triangle in Fig. 4(e)]. When the probe is in the center posi-
tion of the magnetic domain A (B), H directed to the x-direction
on the surface becomes weaker (stronger) than H.y. Thus, the
NV1 (NV3) axis can sense the change in the x component of Heg
on the magnetic domains shown in the resonance frequency map
of the triangle symbol in Fig. 4(g) with the same-phase periodic
pattern, as shown in Figs. 4(c) and 4(f). In contrast, the NV2
(NV4) axis exists nearly within the x-z plane. In this setup, the
stray magnetic field at the center of the magnetic domain was
roughly estimated from the f,., shift, and the angle of the NV2 axis

METHOD scitation.org/journalljap

was approximately 40 uT. At a specific magnetic domain boundary
position, the NV2 axis and H become nearly parallel, showing a
higher resonance frequency in the resonance frequency map of the
rhombus symbol in Fig. 4(g) with a phase-shifted periodic pattern,
as shown in Figs. 4(c) and 4(f).

In this study, a diamond probe, with a diameter of approxi-
mately 1.3 um containing roughly 10° NVs, was used for the scan-
ning NV-diamond probe fabrication and has a broadening of
ODMR from lateral averaging. It is necessary to reduce the probe
diameter without damaging the NV~ state at the probe apex, and a
single NV hosting probe fabrication is interested in for realizing
nanoscale magnetic imaging. For instance, the use of He ion source
FIB fabrication having nanoscale fabrication precision is interested
in to avoid damage to NV~ We note that the used tuning-fork
AFM oscillation amplitude of 35nm is relatively large and also
causes an ODMR broadening and is required to reduce down to a
few nanometers.

Precise analysis of the damage of the diamond probe pillar
that will make worse the spin coherence is also important, measur-
ing such as Ty, T,, stability between NV? and NV~ states, strain in
the diamond pillar, and effect of Ga atom impurity, in future
experiments.’’™*” It was confirmed (not shown here) that the PL
intensities from NVs in the diamond pillar measured from the
backside through 50 um thick diamond substrate are reduced to
20% compared with that from the front side. We note that the PL
intensities are detected after reduction to half at the half mirror set
in the optical line for taking the optical image. The number of NVs
in the fabricated probe of about 1 um diameter can be estimated as
roughly 10> NVs assuming about 10% of the conversion yield of
the implanted nitrogen, and thus the PL count in Fig. 3(c) from the
pillar probe of 600k cps corresponds to 6 k cps/NV. This is one-
fifth compared with a single NV count from bulk subsurface
(30 k cps) and may come from the damage of N'Vs in the probe.

For the diamond probe, a type Ila diamond was used,
showing the broad asymmetric shape of the ODMR dip signal
reflecting a superposition of variations of the stray magnetic field
from the magnetic sample surface. This may be because of nitrogen
impurities in type Ila diamond other than the implanted nitrogen
ions, forming NVs in a broader range of depth during the anneal-
ing process, degrading the spatial resolution of magnetic sensing in
the vertical and lateral directions (the spatial resolution was con-
firmed as smaller than 300 nm from a line profile of the magnetic
image). This can be improved by using a high-purity diamond
sample of electronic grade and shallow nitrogen implantation in a
future experiment to refine spatial resolutions.

IV. CONCLUSION

In this study, a fabrication method for a diamond NV center
probe for scanning magnetometer was introduced using laser
cutting and FIB milling. With a relatively large donut-shaped FIB
milling pattern, a diamond probe hosting an ensemble of NV
centers was fabricated to avoid damage from the Ga™ ion source at
the center probe position. Stray magnetic fields from the magnetic
domain structure of the magnetic tape samples were imaged using
a scanning NV magnetometer probe to map the PL intensity at a
fixed microwave frequency and the resonance frequencies in the
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ODMR spectra. This fabrication method provides a higher degree
of probe-shape control of the scanning NV probe, expanding the
capabilities of its application.
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