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The nanoscale localization of individual quantum defects near an electrical circuit is an important step for
realizing hybrid quantum devices with strong spin-microwave photon coupling. Here, we demonstrate the fabri-
cation of an array of individual NV centers in diamond near a metallic nanowire deposited on top of the substrate.
We determine their relative position with ∼10 nm accuracy, using the NV center as a vector magnetometer to
measure the field generated by passing a dc current through the wire.

Single quantum defects have found a wide range of ap-
plications in quantum technologies [1–3]. The Nitrogen Va-
cancy (NV) center in diamond is a defect with a ground-state
electronic spin triplet that can be read-out optically at room-
temperature at the single-defect level [4]. Because of these
exceptional properties, NV centers can be used for single-
spin magnetometry [5], enabling magnetic resonance spec-
troscopy [6, 7] and probing of magnetic structures [8–11] at
the nanoscale.

NV centers are also promising for the implementation of
quantum networks [12–15] at optical [16, 17] or microwave
frequencies. In the latter case, the NV electronic spin is
coupled to the magnetic field generated by a superconduct-
ing microwave resonant circuit deposited on top of the di-
amond substrate [18–20]. Maximizing the spin-microwave
coupling strength is essential for fast spin detection and en-
tanglement generation. This can be achieved by inserting a
narrow superconducting wire in the circuit and bringing the
NV as close as possible to this nanowire [21, 22], which re-
quires careful alignment of the nanowire on top of individual,
shallow-implanted NVs.

Precise positioning of NV centers relative to a nanostruc-
ture can be achieved by implanting nitrogen ions through
masks of various types (pierced AFM tip [23, 24], resist
masks [25], metallic masks [26]), or by direct implanta-

tion with a Focused-Ion-Beam [27]. Here, we use Nitro-
gen implantation through nanometric holes pierced in a resist
mask, combined with electron-beam lithography alignment
on etched marks in diamond, to fabricate an array of individ-
ual NVs near metallic nanowires deposited on diamond.

To characterize a posteriori the position of each NV rela-
tive to the nanowire, super-resolution optical methods such
as STED [28] or STORM cannot be used, as they would ei-
ther melt the metallic wire or be blinded by the wire opti-
cal response. We demonstrate a method based on single-NV
vector magnetometry, as demonstrated in [29]. We measure
the vector magnetic field generated when passing a dc cur-
rent through the nanowire (see Fig.1a), and infer the rela-
tive position of the NV with respect to the nanowire with a
∼ 10 nm precision. Using these measurements, we are able
to infer the spin-microwave coupling strength achieved if the
nanowire was inserted into a superconducting resonator [22].

The principle of single NV vector magnetometry [29] re-
lies on the sensitivity of the energy levels of an NV formed
with a 15N isotope atom (see Fig.1b-d) to an externally ap-
plied magnetic field B. This isotope is not naturally abun-
dant, but 15NVs can be obtained through ion implanta-
tion [30]. The S = 1 electron spin ground state is coupled
by the hyperfine interaction to the nuclear spin I = 1/2 of
the 15N nitrogen atom. The spin Hamiltonian of a NV center
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having its axis along the z direction can be written as

H = DS 2
z +γeB ·S+γIB ·I+AzzS zIz +A⊥(S +I−+S −I+), (1)

with D/2π = 2.87 GHz the electron-spin zero-field split-
ting, γe/2π = 28 GHz/T the electron spin gyromagnetic ra-
tio, γI/2π = −4.3 MHz/T the gyromagnetic ratio of the 15N
nuclear spin, Az/2π = 3.03 MHz the secular component of
the hyperfine interaction and A⊥/2π = 3.65 MHz the non-
secular component.

When a field Bz is applied parallel to the NV axis z, the
energy eigenstates are (in the secular approximation) the
|mS ,mI〉, with mS = −1, 0,+1 (mI = ±1/2) the eigenvalue
of S z (Iz), and the transition frequency between |0,mI〉 and
| ± 1,mI〉 reads ω±,mI = D ± γeBz ± mI Az. When the field
has in addition a transverse component B⊥, both the fre-
quency ω±,mI and the electron spin eigenstates are negligibly
affected as long as |B⊥| � D/γe [29]. Therefore, the stan-
dard NV magnetometry method, which consists in measur-
ing ω±,mI to infer the magnetic field [5, 31–33] by using the
spin-dependent optical transitions shown in Fig.1c, is only
sensitive to the component of the field collinear with the NV
axis z.

Information about B⊥ can nevertheless be obtained thanks
to the properties and dynamics of the 15N nuclear spin, as
described in [29]. Consider the nuclear spin Hamiltonian
conditioned on the electron spin state. When mS = ±1, it
is dominated by ±AzIz (as long as B⊥ � Az/γI , which we
assume here), and the nuclear spin energy eigenstates are
therefore |mI〉. When mS = 0 however, only the nuclear
Zeeman Hamiltonian remains; as a result, the states |mI〉 be-
come coupled by the term γI,⊥B⊥, which gives access to a
direct measurement of B⊥. Note that the non-secular terms
of the hyperfine interaction [29, 34] renormalize the Zeeman
interaction, leading to an effective gyromagnetic ratio for the
perpendicular component of the field γI,⊥/2π = 75 MHz/T
much larger than γI .

Sample fabrication starts by the creation of an array of
NV centers by ion implantation in a commercial electronic-
grade, chemical-vapor-deposition-grown diamond chip (sup-
plied by the Element 6 company). Alignment marks are first
patterned by electron-beam lithography and etched into the
diamond. An implantation mask is fabricated by opening an
array of holes with∼ 20 nm diameter in a 120-nm-thick poly-
methylmethacrylate (PMMA) resist layer using electron-
beam lithography, at a well-defined position with respect to
the marks. The sample is implanted by a beam of 15N2+

nitrogen ions with a flux ∼ 2500 N/µm2 at 7.5 keV, which
should lead to an implantation depth of 11 ± 5 nm according
to Stopping and Range of Ions in Matter (SRIM) simulations.
It is annealed at 900◦C for 1 hour in vacuum to create the
NV centers. It is afterwards cleaned in several steps: first,
in a boiling 3:4:1 acid mixture of HNO3:H2SO4:HClO4 for 6
hours, then in a 3:1 mixture of H2SO4 and H2O2 at 120◦C for
2 hours (Piranha clean), and finally with an oxygen plasma.
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FIG. 1. (a) Sketch of the experiment. A NV center interacts
with the magnetic field B generated by the DC current i0 passing
through the nanowire. The laboratory coordinate is indicated as
x′y′z′ axes. The wire is directed along the [110] crystalline direc-
tion. (b) Atomic configuration of a NV center. The central gray ball
indicates the vacancy, the blue ball the 15N atom, and the three black
balls the carbon atoms. NV symmetry axis is denoted as z. xyz is
a coordinate system centered on the NV, with z the NV axis along
the [111] crystalline axis. (c) Energy spectrum, showing the spin
triplet ground and excited states, and two intermediate spin singlet
states 1A1 and 1E. For readout, the NV is excited by a green laser
at 532 nm, and the resulting photoluminescence (PL) in the red is
detected. The NV can also relax non-radiatively, via the spin sin-
glet states (dashed lines). (d) Schematic of the energy levels of the
spin-triplet (S = 1) ground state in a small magnetic field along z,
showing the zero-field splitting D/2π = 2.87 GHz between mS = 0
and mS = ±1, as well as its hyperfine interaction with the I = 1/2
15N atom.

The sample is then optically characterized in a home-built
confocal microscope [35], which enables us to measure the
Optically-Detected Magnetic Resonance (ODMR) spectrum
using a 532 nm laser to polarize and readout the spin [36].
Because of a low dose and N to NV conversion yield (∼ 3%),
only a few NV centers are observed at the implantation holes
location. By measuring their ODMR spectrum, we can iden-
tify NVs with the 15N isotope, and thus confirm that they
are implanted [30]. Five implanted NV centers having their
axis along the [111] crystalline direction are selected for the
experiment.

Aluminum electrodes and nanowires are then fabricated
on top of the diamond by electron-beam lithography fol-
lowed by aluminum evaporation and liftoff, using the align-
ment marks to position one nanowire on top of each pre-
selected NVs. Using three-angle evaporation through a
suspended germanium mask [37], we obtain a 20 nm-thick
nanowire (5 nm titanium/15 nm aluminum), connected to
thicker (50 nm) pads suitable for bonding. The nanowire
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FIG. 2. Microscope images. (a) Scanning electron microscope im-
age of the aluminium wires (white) fabricated on diamond (dark).
The dc and microwave circuitry are drawn in black. Alignment
marks are visible and pointed by green squares. (b) Micrograph
of the nanowire. Left and right shadows are due to the three- an-
gle evaporation technique used. (c) Confocal microscope image of
the photoluminescence of the aluminium and the NV center (red)
behind the nanowire.

direction is along [110], corresponding to the situation de-
picted in Fig. 1a. The nanowires have a length of 500 nm and
typical width of 40 nm, as seen in Fig. 2b. Each nanowire is
connected to a common ground on one side, and to a separate
pad on the other side, so that the current i0 through each wire
is set independently. A microwave antenna is also patterned
in proximity of the nanowires to drive the NV electron spins.
The pads are bonded to a printed-circuit board, and then con-
nected to a DC current source and a microwave generator.

Because the nanowire width is much smaller than the
wavelength, the NV photoluminescence (PL) can be detected
despite the aluminum on the surface, provided the wire is
long enough (i.e., longer than the spot size in the confo-
cal setup) to avoid shadowing by the pads. This is visible
in Fig. 2c, which shows a confocal scan around one of the
nanowires. Some amount of photoluminescence is measured
on top of the aluminum pads, but a bright spot is observed
at the expected nanowire and NV location. The count rate is
higher than the typical NV count rate (∼ 100kcps), probably
because of stray photoluminescence from the wire or from
dirt around it. Out of the 5 selected NVs, two showed no
ODMR signal, either due this stray photoluminescence or to
a problem of charge instability [38]. For the other 3 NVs,
an ODMR contrast between 2 and 5% was observed. The
spectrum is shown in Fig. 3 as a function of i0 for one NV.
Two doublet peaks are observed, corresponding to the ω±,mI

frequencies [30]. The linear dependence of ω±,mI (i0) yields
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FIG. 3. (a) Laser (green) and microwave (red) pulse sequence
of Zeeman shift measurement. (b) Measured spectrum of electron
spin transitions for applied currents of 240 (blue), 160 (orange),
0 (green), -160 (red), and -240 (purple) µA. The black lines are
fit to four Gaussian functions. Transitions from |ms = 0〉 to | −
1,−1/2〉 (inverse triangle), |−1,+1/2〉 (circle), |+1,−1/2〉 (square)
and | + 1,+1/2〉 (diamond). (c) Plot of the centers of the Gaussian
functions for 5 nanowire currents. Dashed lines are linear fits. Inset,
the calculated Bz component.

αz = dBz/di0, the finite Bz(0) being the earth magnetic field
(see Fig. 3).

To measure the orthogonal field, the pulse sequence shown
in Fig. 4 is applied. After initialization of the electron spin
in mS = 0 by a green laser pulse, the NV is found with equal
probability in states |0,+1/2〉 and |0,−1/2〉. A nuclear-spin-
state-selective π pulse is then applied to the electron spin
transition. This pulse transfers all population from |0,+1/2〉
into | + 1,+1/2〉. Whereas the latter is an energy eigenstate
(and therefore does not evolve in time), |0,−1/2〉 is coupled
to |0,+1/2〉 by γI,⊥B⊥, leading to an oscillation with a fre-
quency ωNO =

√
(γI Bz)2 + (γI,⊥B⊥)2 between the two states.

This oscillation is detected by letting the system evolve for a
variable delay ∆t, followed by another nuclear spin selective
π pulse on the same transition which maps the nuclear-spin-
oscillation into an oscillation between mS = 0 and mS = +1
detectable by a pulsed laser readout following the π pulse.

Data are shown in Fig. 4c, for a range of currents, on the
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FIG. 4. (a) Laser (green) and microwave (red) pulse sequence, with ∆t the delay time between two π pulses. (b) Time evolution of spin
state populations during the sequence. (c) Oscillation of the nuclear spin population measured through the PL intensity variation versus ∆t,
for different values of the dc current i0 = 240 (blue), 160 (orange), -120 (green), -240 (purple) µA. The dashed lines are obtained by fitting
the data to sinusoidal functions. (d) Calculated B⊥ component (squares), and linear fit (dashed line) yielding α⊥.

same NV center. Oscillations in the photoluminescence as a
function of ∆t are observed over a range of 100µs, without
measurable decay, as expected for a 15N nuclear spin whose
coherence time should be limited by the electron spin energy
relaxation time, on the order of one millisecond. The oscil-
lation frequency is seen to depend linearly on i0, allowing us
to extract α⊥ = dB⊥/di0.

We then determine the position of the measured NVs by
considering the magnetic field generated by an ideal infinite
wire of thickness t and width w carrying a current i0. By
knowledge of the NV axis orientation, we can uniquely de-
termine the position (x′, z′) which most closely matches the
measured magnetic fields (αz, α⊥). We proceed to determine
a probability density function (pdf) for the NV position us-
ing a bootstrapping method: we perform the fitting proce-
dure 5000 times using Gaussian-distributed parameters, to
account for the uncertainty in the wire width w = 36 ± 5 nm,
thickness t = 20 ± 2 nm; we also account for an uncertainty
σ = 2 · 10−2 mT/mA in the determined αz and α⊥. This
results in the position pdf shown in Fig. 5a. To take into ac-
count the fact that our nanowire is not an ideal infinite wire,
we perform finite element method simulations to determine
the magnetic field deviation if the NV center is not positioned
exactly in the center along the long axis. We find a relative
uncertainty for B⊥′ of 1.1% and for Bz′ of 3.7%. Again using
the fitting procedure described before, but with additional er-
rors on the generated magnetic fields, we find slightly larger
error bars; the corresponding pdf’s are shown for the three
NVs in Fig.5b.

As an independent check of the validity of our estimate,
we note that the depth determined for NV1 and NV3 is in
qualitative agreement with the 11±5 nm depth expected from
SRIM simulations given the implantation energy of 7.5 keV,
while the larger depth of NV2 may be due to channeling.
Further confirmation may be brought by measuring the depth
using the proton signal from the diamond surface[39], al-
though this was not done in the present experiment. The av-

x′1 (nm) z′1 (nm) x′2 (nm) z′2 (nm)
NV1 −83.9 ± 0.8 −8.6 ± 2.7 −83.9 ± 2.4 −8.6 ± 2.7
NV2 −122.6 ± 2.9 −30.1 ± 7.5 −122.7 ± 6.7 −29.2 ± 11.2
NV3 −152.3 ± 2.6 −11.1 ± 6.2 −151.9 ± 5.7 −13.4 ± 9.2

TABLE I. Position of the NV centers relative to the nanowire, as-
suming an infinitely-long nanowire (left, [x′1, z

′
1]) or taking into

account finite-length corrections as explained in the text (right,
[x′2, z

′
2]).

erage lateral position of the three NVs is shifted by ∼ 120nm
from the nanowire centre, which may be due to a systematic
shift during the two alignment steps of the electron-beam
writing. The standard deviation in lateral positioning of
27 nm can be semi-quantitatively understood as arising from
the finite size of the implantation aperture (with ∼ 20 nm di-
ameter) and the straggle upon implantation (also ∼ 20 nm
diameter).

An application of our method is to determine, solely from
room-temperature measurements, the coupling constant g of
a NV to a nanowire resonator, as proposed in [22] for its de-
tection using a circuit-QED architecture at millikelvin tem-
peratures. Indeed, this determination simply requires the
knowledge of the vacuum fluctuations δB1 of the magnetic
field component of the resonator mode at the NV location,
since g = γeδB1,⊥〈mS = 0|S x|mS = −1〉 (with 〈mS =

0|S x|mS = −1〉 = 1/
√

2 for a spin 1). Consider for instance
the resonator design envisioned in [22], for which quantum
fluctuations of the current δi = 35 nA were estimated by
finite-element simulations. The resulting δB1,⊥ = α⊥δi is
directly obtained for each of the 3 NVs measured, yield-
ing a coupling constant g/2π = 0.6, 0.7, and 1 kHz. We
stress that in this coupling constant estimate, the uncertainty
would arise mostly from the uncertain knowledge of δi, since
α⊥ on the other hand is measured with a few percent preci-
sion. We can then estimate the single-spin detection time
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FIG. 5. Estimating single NV centers positions. The color map represents the magnitude of the magnetic field B due to a DC current of
1 mA passing through the nanowire. The continuous red line at depth 0 nm is the diamond surface. The colored lines show iso-probability
contours of the NV location taking into account the uncertainties on the nanowire geometry and the measured field spatial derivatives (see
text). (a) Infinitely long nanowire. (b) Finite-length nanowire.

κ2γ2/(ηg4) [22], with κ the resonator energy damping rate,
γ2 the NV coherence time, and η the microwave detection
efficiency. Taking η = 1, κ = 105 s−1, γ2 = 105 s−1, we pre-
dict a measurement time between 0.6 and 5 s for unit signal-
to-noise ratio. Reducing the systematic alignment shift by
better alignment procedure in the electron-beam lithography
appears therefore necessary for single-spin microwave detec-
tion, as proposed in [22].

We have measured the position of individual nitrogen-
vacancy (NV) centers with respect to a metallic nanowire on
diamond, using single-NV vector magnetometry [29], with
a precision of ∼ 10 nm. The lateral positioning of the im-
planted NVs shows a systematic shift of ∼ 120 nm possibly
due to misalignment during e-beam lithography. The spread
of lateral position is compatible with the implantation mask
dimensions and expected straggling. Our method enables
in particular a direct measurement, using room-temperature

methods, of the coupling constant of individual spins to a
nanowire microwave resonator.

Acknowledgements We acknowledge discussions with
M. Pioro-Ladrière, as well as technical support from
P. Sénat and P. F. Orfila, D. Duet, J.-C.Tack, A. For-
get. We acknowledge support of the European Research
Council under the European Community’s Seventh Frame-
work Programme (FP7/2007–2013) through grant agree-
ment No. 615767 (CIRQUSS), and of the Chaire Industrielle
NASNIQ under contract ANR-17-CHIN-0001 cofunded by
Atos. T.T. acknowledges the support of JSPS KAKENHI
(No. 20H02187, 19H02617 and 16H06326), JST CREST
(JPMJCR1773) and MEXT Q-LEAP (JPMXS0118068379).

Data availability The data that support the findings of this
study are available from the corresponding author upon rea-
sonable request.

[1] J. J. Morton and B. W. Lovett, Annual Review of Condensed
Matter Physics 2, 189 (2011).

[2] C. Degen, F. Reinhard, and P. Cappellaro, Reviews of Modern
Physics 89, 035002 (2017).

[3] D. D. Awschalom, R. Hanson, J. Wrachtrup, and B. B. Zhou,
Nature Photonics 12, 516 (2018).
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A. Dréau, J.-F. Roch, A. Auffeves, F. Jelezko, J. Wrachtrup,
M. F. Barthe, P. Bergonzo, and D. Esteve, Physical Review
Letters 105, 140502 (2010).

[19] Y. Kubo, C. Grezes, A. Dewes, T. Umeda, J. Isoya, H. Sumiya,
N. Morishita, H. Abe, S. Onoda, T. Ohshima, V. Jacques,
A. Dreau, J.-F. Roch, I. Diniz, A. Auffeves, D. Vion, D. Es-
teve, and P. Bertet, Physical Review Letters 107, 220501
(2011).

[20] X. Zhu, S. Saito, A. Kemp, K. Kakuyanagi, S.-i. Karimoto,
H. Nakano, W. J. Munro, Y. Tokura, M. S. Everitt, K. Nemoto,
M. Kasu, N. Mizuochi, and K. Semba, Nature 478, 221
(2011).

[21] D. Marcos, M. Wubs, J. M. Taylor, R. Aguado, M. D. Lukin,
and A. S. Sørensen, Physical Review Letters 105, 210501
(2010).

[22] P. Haikka, Y. Kubo, A. Bienfait, P. Bertet, and K. Moelmer,
Phys. Rev. A 95, 022306 (2017).

[23] J. Meijer, S. Pezzagna, T. Vogel, B. Burchard, H. Bukow,
I. Rangelow, Y. Sarov, H. Wiggers, I. Plümel, F. Jelezko,
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