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ABSTRACT

Hybrid systems composed of a single nitrogen-vacancy center spin magnetically coupled to a macroscopic mechanical resonator consti-
tute promising platforms for the realization of quantum information protocols and for quantum sensing applications. The magnetic
structure that mediates the interaction must ensure high field gradients while preserving the spin and mechanical properties. We pre-
sent a spin-mechanical setup built around a cobalt nanomagnet grown with focused electron beam-induced deposition. The magnetic
structure is fully characterized, and a maximum gradient of 170kTm™! is directly measured at a spin-oscillator distance of a few hun-
dred nanometers. Spin coherence was preserved at the value of 20 us up to a gradient of 25kT m™". The effect of the mechanical motion
on the spin dynamics was observed, thus signifying the presence of spin-mechanics coupling. Given the noninvasive nature of the nano-
magnet deposition process, we foresee the adoption of such structures in hybrid platforms with high-quality factor resonators, in the
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“magnet on oscillator” configuration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0301921

Following the landmark experiment' that revealed how a single
electron spin can exert a measurable force on a macroscopic cantilever,
various hybrid platforms composed of two-level systems coupled to
macroscopic oscillators have emerged by integrating mechanical resona-
tors with superconducting qubits” ~ and solidstate defects.”” Thanks to
the mature technology of ultra-high-quality factor oscillators,” these plat-
forms are appealing as testbeds for quantum information processing
experiments’ and also for pushing the boundaries of quantum sensing,"”

The paradigmatic system of a single spin coupled to a mechanical
resonator device has been successfully implemented using nitrogen-
vacancy (NV) defects in diamond'' coupled to the mechanics via
strain' > or magnetically."* "

When a magnetically decorated oscillator is placed in the vicinity
of an NV center,”' the Zeeman interaction results in a parametric
single-phonon coupling strength gy = 27y\yG,2zspr, where Py
~ 28 GHzT ™! is the gyromagnetic ratio of the NV center, G, = 0Bny /
0Oz is the gradient at the NV rest position—along the oscillator’s motion
direction (z)—of the magnetic field component (Byy) parallel to the
NV spin quantization axis, and z,,r = \//2mQy, is the zero-point

motion amplitude, where 7 is the reduced Planck constant, Q,, is the
oscillator’s angular frequency, and m is its mass.

A crucial requirement for implementing quantum protocols is
achieving a quantum cooperativity greater than one, with the coopera-
tivity defined”” as C = g2 To,I""!, where T is the decoherence rate of
the oscillator and T, denotes the spin transverse relaxation time under
a specific decoupling sequence. When C > 1, the zero-point mechani-
cal fluctuations could be resolved within a few shot measurements.'””
In this regime, a hot mechanical resonator could be exploited to realize
quantum gates between two spins in a hybrid nano-electromechanical
system,” or—when C >4—to efficiently generate entanglement
between two spin qubits.”*

An important challenge currently faced by the community in this
regard is the research of a suitable magnetic structure, which must
achieve high magnetic field gradients while preserving both the oscilla-
tor’s properties and the overall system coherence.”” Different methods
have been explored, including the use of NdFeB magnetic structures,"*
a CoFe magnetic film evaporated onto a quartz tip,'” a CoCr layer
deposited on a tip,"” and NdFeB beads.'*"*
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Here, we harness the nanometric control of focused electron
beam-induced deposition (FEBID)”® to grow soft cobalt nanomagnets
on a silicon chip. The nanomagnetic structure, which exhibits strong
magnetic gradients, is installed in a spin-mechanics setup based on a
scanning NV microscopy configuration.

The scanning NV microscopy configuration we use for this work
utilizes x, y, and z piezoelectric nanopositioners (attocube), allowing
nanometer-resolution spatial positioning of the mounted tuning fork
with the NV center relative to a selected sample with the nanomagnets
[Fig. 1(a)]. The nanomagnets are magnetized by a homogeneous exter-
nal magnetic bias field of up to 140mT generated by a spherical
magnet, which is aligned to the NV quantization axis. We use a cost-
efficient semiconductor laser (Cobolt 06-01 Series) with 515nm
wavelength that efficiently excites the NV center, and collect the result-
ing photoluminescence with a home-built confocal microscope with a
0.9 NA objective (Olympus MPlanFL N 100x). The scanning system is
configured vertically to allow the insertion of a permanent magnet for
magnetic biasing on the back side of the sample chip.

The core of the system consists of a 100-cut diamond scanning
probe (QZabre QST*’) hosting the NV center and a Si chip with the
Co nanomagnets plus an integrated microwave stripline for spin con-
trol [Fig. 1(b)]. The nanomagnet of this study is approximately 40 um
away from the stripline and has a cylindrical shape with 830 nm height
and 400 nm diameter.

To grow these nanomagnets, we employ FEBID with the geome-
try defined as a circular pattern and the following parameters: an accel-
eration voltage of 5kV, a beam current of 100 pA, a dwell time of 1 us,
and a precursor flux corresponding to a vacuum pressure varying in
the range 1.1 x 10~ mbar to 1.2 X 10® mbar (see supplementary
material S1.2).

We perform magnetometry measurements to characterize
the stray field By (x, ¥, z) emanating from the nanomagnet. We mea-
sure the shift in the lower energy electron spin resonance of the optical
ground state spin triplet while performing a xy raster scans on planes
above the magnetic structure. The optically detected magnetic reso-
nance (ODMR) is performed at each position (x,y) by applying a
continuous-wave microwave sweep and acquiring the NV center pho-
toluminescence rate.’’ The scans are performed on a single
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nanomagnet under ambient conditions, without feedback and hover-
ing at a fixed height above the substrate. The spin resonance frequen-
cies 1/;—25, in the relevant experimental configuration, read

Vies ™ [0 = yavBuvl- (1)

Here, vy ~ 2.87 GHz is the ground state zero-field splitting parameter,
and the total magnetic field is defined as Bxy = Bum - inv + Bbiass
where nyy is the spin quantization axis direction, and the bias field is
assumed to be aligned to the spin axis. We are neglecting the local off-
axis strain field contribution to the energy levels, and we assume to
operate the system in the regime where B, < |vo/ynv — [Bxvlls
where B, is the magnitude of the field component orthogonal to the
spin quantization axis.

All acquired scanned maps display stray field patterns consistent
with a magnetic dipole field as confirmed by the dipole model fits
shown in Fig. 2(a).

Approximating the nanomagnet as a dipole, we can extract the
magnitude of the magnetic dipole moment mg;, from the dipole model
fits (see supplementary material S2). We acquire a set of four scanned
maps at different scanning heights to capture the stray field distribu-
tion at multiple distances from the nanomagnet. We increment the
heights from 960 to 1460nm above the nanomagnet in steps of
Zgep = 166(5) nm. The maps of a set share the same experimental
conditions otherwise. A simultaneous fit across all four scanned maps
as shown in Fig. 2(b), incorporating the known height steps zp,, addi-
tionally constrains the fit parameters 7, (depth of the approximated
point-like dipole within the nanomagnet) and mg;,, which, for individ-
ual maps, can float in a correlated manner. The fit then allows quanti-
tative inference of the magnetic moment magnitude mg;p. We repeat
this fit procedure for external bias fields By, between 30 and 140 mT
and plot mgip (Bpias) in Figs. 2(c) and 2(d) (green stars). The estimated
dipole moment magnitude 14y, (Buiss) increases linearly, indicating a
soft magnetic nature of the FEBID-grown nanomagnet as expected
from its typically amorphous structure.’

For comparison, we similarly perform the simultaneous fits on
stray field maps generated by a simulation of the nanomagnet, which
is based on the dipole fit and AFM topography (see supplementary

material S3), extracting mf}{;(Bbias) [red circles in Figs. 2(c) and 2(d)]

(b)

Scanning
Diamond
Probe

lVLz

FIG. 1. Schematic of the scanning setup. (a) Sample and NV probe are mounted on two x, y, z piezo scanners. The nanomagnets are magnetized by a 4 cm-diameter spherical
permanent magnet at a distance of a few millimeters. A 0.9 NA and 1 mm working distance objective focuses the collimated excitation beam onto the NV attached to a quartz
tuning fork. A piezo shaker mechanically excites the tuning fork motion. (b) A single nanomagnet in proximity of the microwave (MW) stripline and the NV probe in the labora-
tory frame. The silicon chip is placed in the apparatus with a printed circuit board holder that also provides the microwave contacts.

Appl. Phys. Lett. 128, 054001 (2026); doi: 10.1063/5.0301921
Published under an exclusive license by AIP Publishing

128, 054001-2

60:04:7} 920z Aenigad €0


https://doi.org/10.60893/figshare.apl.c.8211074
https://doi.org/10.60893/figshare.apl.c.8211074
https://doi.org/10.60893/figshare.apl.c.8211074
https://doi.org/10.60893/figshare.apl.c.8211074
https://doi.org/10.60893/figshare.apl.c.8211074
pubs.aip.org/aip/apl

Applied Physics Letters

ARTICLE pubs.aip.org/aip/apl

\t+ 3Zstep
// \'*'\Zzstep 121.5
| /

+Zstep 121.0

—il

120.5

Bnv (MT)

120.0

119.5

119.0

-0.75 -0.50 —0.25 0.00 0.25 0.50
Bbias (T)

0.05 0.0 0.15
Bbias (T)

FIG. 2. Dipole fitting and stray field characterization. (a) A map of the measured Byy at an estimated height of h = 1294(40) nm above the nanomagnet and with
Bhias ~ 120 mT. The white contour lines from a dipole model fit agree with the gray data contour lines of equal value. The indicated nanomagnet is centered around the dipole
(x, ) position. (b) Simultaneous dipole fitting of four stray-field maps acquired at successive heights above the sample in increments of zge, = 166(5) nm. A global dipole
depth ;9 is enforced across all maps, while the relative height offset is fixed by the known step size. (c) Plot of the fitted dipole magnetic moment mg;, (green stars), dipole fit-
ted m§7' (red dots), and simulated net magnetization myet (blue and brown lines) with increasing external biasing field. For the hysteresis curve of mye, the external field is var-
ied from 0mT — 750mT — —750mT — 750 mT in increments of 25 mT. The brown line marks the initial upsweep from 0 to 750 mT, while the blue line corresponds to the
remainder of the sweep. Arrows on the lines indicate the sweep direction of the external field. The inset displays a zoomed-in section of the boxed data region for improved vis-

ibility of the individual points.

that agrees well with #g;p (Bpias ). Furthermore, we can calculate the net
magnetic moment magnitude of the simulated nanomagnet via the
volume integral of the magnetization e ~ |Zijk M;;AV|, where
Mj is the magnetization in each simulation cell of volume AV. The
moment magnitude mpe (Bpias) is depicted in Figs. 2(c) and 2(d). The
agreement between rmgp, mf}j‘;)’, and m,e demonstrates mutual valida-
tion across of the experimental measurements, the dipole model fit,
and the simulation.

The simulation of the magnetic structure predicts that the nano-
magnet—that is g, (Bpias) —approaches saturation” at around
Biias ~ 300mT. Supporting this prediction, we find agreement
between the ratio of the bias fields 140 mT/300 mT = 0.47 and
the magnetization ratio M/Mg = 0.45, where M = Mip (Bpias
= 140 mT)/V with the nanomagnet volume V and saturation magne-
tization My = 1.26 MA m~! used for the simulation.”

Foreseeing a future implementation of the experiment in which
the magnetic structure is deposited on a high-Q resonator,”” enabling
coupling between the out-of-plane motion and the NV center, we are
interested in a direct measurement of the magnetic gradient along the
z-axis.

Under the applied By;,s, we measured the gradient G, directly by
the Zeeman shift from ODMR spectra as the NV center was scanned
through the stray field near the nanomagnet. Guided by both the
dipole model fit and the simulation, we identified the region of highest
projected field gradient G, while minimizing the magnetic field B,
that is transverse to nyy, ensuring that the conditions of the Eq. (1)
remain valid.

As shown in Figs. 3(a)-3(c), we find this region—which is gov-
erned by the relative angles between NV and magnetic dipole orienta-
tion—toward the edge of the nanomagnet. There, we approached the
nanomagnet in the z direction and acquired ODMR spectra of the
lower energy spin resonance at multiple positions to extract the pro-
jected magnetic field By (z) as a function of distance to the nanomag-
net surface Az.

In Fig. 3(d), we present the measured stray fields Byy (z) for the
two approach trajectories exhibiting the highest field gradients,
recorded at a bias field Byj,s ~ 120 mT. The corresponding field gra-
dients G,(z) are shown in Fig. 3(e), with maximum measured values
of By = 40 mT + By, and G, = 170KkT m™! obtained ~250 nm
above the nanomagnet. Acquiring ODMR spectra closer to the surface
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is hindered by the reduced ODMR signal contrast, which lowers the
signal-to-noise ratio below unity (see supplementary material $4). We
attribute this to mechanical drifts in the setup in the high-gradient
field, primarily caused by microwave-induced heating.

After characterizing the DC behavior of the spin-mechanical sys-
tem, we study the dynamics of the NV center using coherent spin con-
trol. We measured the spin decay time under spin-echo sequence, T5g,
while the NV probe was positioned above the nanomagnet [Fig. 4(a)].
The m-pulse time was first characterized with a Rabi measurement,
from which we extract the n-pulse durations of ~55 ns. The spin-echo
scheme shown in the inset of Fig. 4(a) was applied in two different
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FIG. 4. Controlling the NV center’s spin in a gradient field. (a) T,z measurement in
the gradient field of the nanomagnet. The inset shows the used pulse scheme.
Visibility is calculated following Ref. 36 from two separate spin-echo measurements
where the last /2 pulse is either applied along the +X or —X axis. This measure-
ment was done at G, = 4.4(1.6)kTm~" and gives Toe = 34.0(5.3) us. The
shaded area shows the standard deviation. (b) Multiple T,z measurements at differ-
ent positions in the gradient field G, of a nanomagnet. The measurements were
done at distances between approximately 1587 and 540 nm. The Bloch sphere in
the inset defines the axis of the rotation.

variations, where the rotation axis of the final 7/2-pulse is either along
the X or the —X axis as defined in the Bloch sphere in the inset of
Fig. 4(b). Defining Ix and I_x as the measured photoluminescence rate
at the end of a spin-echo sequence for the two readout configurations,
we compute the visibility Vemo = (Ix — I_x)/(Ix + I_x), which
rejects the common-mode noise.”® The visibility Veeho is then fitted with
an exponential decay to extract Tog. This measurement was repeated at
different positions in the gradient field G,. In Fig. 4(b), the dependency
of Tog on G, is shown. The shift due to instabilities during T>p mea-
surements is indicated by horizontal error bars. Applying a MW drive
causes thermal expansion of the substrate. The resulting change of the
NV-surface distance produces a larger NV frequency shift at smaller
distances due to the increased G,. Therefore, it is not possible to apply
accurate on-resonance pulses at gradients higher than 30 kT m~!. The
vertical error bars are extracted from the fit of Tg.

Starting from a value Top = 56(6) ps for a measurement far
away from the nanomagnet, Tor in Fig. 4(b) shows a significant
decrease in value toward higher gradients. This trend can be attributed
to either magnetic field noise from the magnetic nanostructure or ther-
mal drifts of the system, which translates into fluctuations in the fre-
quency of the NV center causing dephasing.”” The nanomagnet’s
noise might be reduced by fully magnetizing the structure.

To show that the presented setup is suitable for performing a
spin-mechanical experiment, we further measure the effect of the tun-
ing fork mechanical oscillation on the spin dynamics. As the
tuning fork is driven at its resonance frequency and vibrates along the
x direction, we measure a series of unsynchronized spin-echo
sequences (Fig. 5) with the NV center moving in a gradient
Gy = OBny/Ox ~ 540 Tm™!.

When the tuning fork is not driven, we see undisturbed decay of
the visibility with a Top = 42(3) us (blue curve). In contrast to that, a
driven tuning fork results in a modulated decay (red and green curves).
It can be fitted to a zeroth order Bessel function,'®
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FIG. 5. Impact of mechanical oscillation of the tuning fork on the NV center. Blue
curve shows a spin-echo measurement for an undriven tuning fork. The red and
green curves show the measurement with a driven tuning fork at Qn, ~ 32 kHz with
3 and 9mV driving amplitude, receptively. Data (dotted lines) can be fitted with a
Bessel function of Oth order (full lines).
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clearly indicating spin-mechanical coupling, where Cyy is the contrast
of our measurement and X, is the motional amplitude of the NV cen-
ter (see supplementary material S5.2). In Fig. 5, the exponent n is fixed
to the average value n = 2, as extracted from the noise characterization
in Fig. 4(b).

The oscillation amplitude values extracted from the fit are x
= 3(1) nm (red curve) for a piezo drive amplitude of the tuning fork
of 3mV and xy = 11(1) nm (green curve) for a drive amplitude of
9mV. In the two configurations, the mechanical motion maps into an
oscillating magnetic field with amplitude 2.0(6) uT and 6.1(8) uT at
the position of the NV center.

In conclusion, we have demonstrated the generation of strong mag-
netic field gradients—up to 170 kT m ! —using a soft cobalt nanostruc-
ture integrated into a spin-mechanics platform based on a scanning NV
microscopy configuration. Spin coherence measurements performed in
magnetic field gradients up to 25 kT m ! revealed a coherence time T
of at least 20 us. Considering that the experiments were conducted under
open-loop mechanical conditions, we expect that, with cryogenic opera-
tion and active stabilization, spin manipulation at even higher field gra-
dients could be achievable. Moreover, we observed a clear influence of
the tuning fork motion on the NV spin coherence, indicating the pres-
ence of measurable spin-mechanical coupling in our setup.

Crucially, the noninvasive nature of the nanomagnet deposition
via FEBID allowed us to decorate a silicon nitride membrane’” with
the magnetic structure (see supplementary material S1.2). This opens
the path for further studies, including the investigation of potential
changes in the mechanical quality factor resulting from the deposi-
tion—an essential step for future quantum spin-mechanics applica-
tions. If the membrane’s degradation is negligible, we consider a
typical resonance frequency of 1.5 MHz, an effective mass of 2 ng, and

ARTICLE pubs.aip.org/aip/apl

an ultra-high-quality factor’™® Q = 10° at 4K, and then, with a spin
coherence time of 1 ms (achievable by utilizing dynamical decoupling
sequences’’) and a magnetic gradient of 170kTm™!, we obtain a
single-phonon coupling strength g, /27 = 8 Hz. This corresponds to a
cooperativity C = 5 x 103, which is four orders of magnitude higher
than current state-of-the-art setups.'®

Remarkably, the force sensitivity of such a device—limited by
the thermal contribution Sy, = 4kz Tm Q/Q = 4 aN? /Hz (with kg the
Boltzmann constant)—would be comparable to the amplitude of the
force produced by the oscillating spin F = uzG = 1.6 aN, thus mak-
ing it possible to detect the force exerted by the single spin within a
few seconds averaging time, during which the spin can be re-polarized
as necessary.

Reaching the milestone of C ~ 1 requires technical advances and
appears feasible with the optimistic value™ of T, = 10 ms and a gradi-
ent of IMTm™!, predicted at a feasible distance of 150 nm from the
magnetic structure at saturation.

Furthermore, the demonstrated ability to grow nanomagnets
directly on membranes provides a promising platform for implement-
ing quantum sensing experiments. While membranes have recently
been integrated into scanning force microscopy setups’’ and
adopted in sample-on-resonator configurations for magnetic reso-
nance force detection,’’ we foresee their use in magnetic resonance
force microscopy experiments in the practical “magnet-on-resonator”
configuration™ as well as for advancing nanoscale magnetic resonance
imaging techniques."’

Finally, the high degree of control offered by the FEBID tech-
nique enables the tailoring of nanomagnet geometry to suit specific
experimental requirements of the magnetic field, making it a versatile
tool for future developments in hybrid quantum systems.

See the supplementary material for additional details on the
microwave and nanomagnet fabrication, nanomagnet simulation,
experimental setup, and the structural analysis.
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