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We excite the gyrotropic mode of a magnetic vortex and observe the resulting effect on the spin state of
a nearby nitrogen-vacancy (NV) defect in diamond. Thin permalloy disks fabricated on a diamond sample
are magnetized in a vortex state in which the magnetization curls around a central core. The magnetization
dynamics of this configuration are described by a discrete spectrum of confined magnon modes, as well as
a low-frequency gyrotropic mode in which the vortex core precesses about its equilibrium position. Despite
the spin transition frequencies being far-detuned from the modes of the ferromagnet, we observe enhanced
relaxation of the NV spin when driving the gyrotropic mode. Moreover, we map the spatial dependence of
the interaction between the vortex and the spin by translating the vortex core within the disk with an applied
magnetic field, resulting in steplike motion as the vortex is pinned and de-pinned. The strong spin relaxation
is observed when the vortex core is within approximately 250 nm of the NV center defect. We attribute this
effect to the higher frequencies in the spectrum of the magnetic fringe field arising from the soliton-like nature
of the gyrotropic mode when driven with sufficiently large amplitude.

I. INTRODUCTION

The interaction between defect spin qubits and
magnons in a magnetic material offers opportunities
both for control and coupling of qubit states1–8, and
for use of the spin qubit as a probe to study magnon
phenomena9–17. In the prototypical system, negatively
charged nitrogen vacancy (NV) defects in diamond are
placed in proximity to a ferromagnetic structure. An
AC magnetic field is then used to drive dynamics of the
NV spin, the magnon modes of the ferromagnet, or both.
Meanwhile, the NV spin state can be initialized and mon-
itored optically.

For probing magnons with NV defect spins, the tech-
nique of relaxometry has proven powerful. This method
relies on measuring the depolarization of one or more NV
spins due to the local magnon environment. Changes in
the depolarization are characterized by the spin relax-
ation time, which refers to the characteristic time for
an initially polarized spin to become randomized be-
tween energy eigenstates. Spin relaxation occurs when
a spin experiences an interaction that can drive tran-
sitions between energy eigenstates. In the case of spin
relaxometry, this interaction is in the form of a fluctuat-
ing magnetic field with spectral weight at the transition
frequency between eigenstates. Even a weak field then ef-
fectively drives random Rabi rotations of the spin. This
random walk of the spin state between the energy eigen-
states results in spin relaxation. The observation of en-
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hanced spin relaxation yields information about the local
magnon spectrum at the spin transition frequencies.

In previous studies, several mechanisms for interac-
tion have been observed. Simultaneous resonant driv-
ing of a magnon mode and the NV spin results in en-
hanced driving of the spin transition. But excitation
of magnons far detuned from the spin transitions can
also affect the NV spin. Through multiple-magnon pro-
cesses, the overall chemical potential of the magnon bath
is raised resulting in increased population of the magnon
bath across the entire magnon spectrum12. These inco-
herent magnons at the NV spin transition frequency are
a source of magnetic field noise that yield enhanced re-
laxation of the NV spin. In experiments with effectively
continuous magnon spectra, driving the zero-wave-vector
ferromagnetic resonance mode at frequencies lower than
an NV spin transition excites magnons in the continu-
ous spectrum of higher wave-vector magnons, some of
which overlap the NV spin transition frequencies. In a
geometrically confined system, the magnon spectrum be-
comes discrete, and enhanced spin relaxation is only ob-
served when a magnon mode coincides both in frequency
with an NV spin transition and spatially with the NV de-
fect. This has previously been observed, for example, in
a uniformly-magnetized 6-µm-diameter permalloy disk9,
with discrete magnon modes in a range near the NV spin
ground state transitions ∼ 3 GHz.

In this experiment, we study the interaction of
an NV spin with a smaller 2-µm-diameter permalloy
(Ni0.81Fe0.19) disk in a vortex magnetization state. A
vortex state forms in a thin, soft, micron-scale ferromag-
netic disk with a thickness sufficiently smaller than the
diameter and with negligible anisotropy18,19. The mag-
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netization of a vortex state curls around the center of
the disk, in-plane and tangential to the disk boundary,
except at the core of the disk where the magnetization
orients out-of-plane (see inset to Fig. 1c.) The central re-
gion with out-of-plane magnetization is the vortex core,
with a half width rc ≈ 10 nm, which is set by the ex-
change length20. Due to the out of plane magnetization,
the vortex core produces a strong dipole-like magnetic
fringe field. The vortex core can be displaced across the

disk by an external in-plane magnetic field ~B = (Bx, By)
with the vortex core position ~x = (x, y) = cχ0(By,−Bx)
moving perpendicular to the applied field, with direction
set by the vortex circulation direction c = ±1. In similar
disks, we have previously measured χ0 ≈ 60 nm/mT21.

As compared to the approximate uniform magnetiza-
tion of the larger disk in Ref.9, these vortex states display
more strongly confined magnon modes at higher frequen-
cies (> 4 GHz), and also a soliton-like gyrotropic mode
of the vortex core at low frequency fg = 0.16 GHz, as
shown in Fig. 1(c)22,23. Propagating magnetic domain
walls and vortices are often referred to as “soliton-like”
because they move as a translating spatial envelope with
fixed shape24–26. Previous theoretical and experimental
work22,27,28 has shown that the higher frequency vortex
magnon modes are quantized into azimuthal and radial
modes, yielding modes with a discrete number of waves
circulating about the vortex core, and confined radially
outwards from the vortex core, respectively. The lowest
energy magnon mode in this structure is an azimuthal
mode at ≈ 4.5 GHz: the frequency range below this mode
constitutes a magnon bandgap in which spin waves can-
not be excited. See Supplementary Material for more de-
tail on vortex modes. The gyrotropic mode is character-
ized by uniform motion of the vortex core orbiting about
its equilibrium position at frequency fg. At low mag-
netic fields, the NV spin transitions occur near frequen-
cies f0 = 2.87 GHz and fex = 1.43 GHz in the ground
and first excited orbital states, respectively. Both f0 and
fex lie well within the gap between the gyrotropic mode
and the confined magnon modes. Naively, one would ex-
pect that driving any of the magnetic excitations in this
system would not lead to NV spin relaxation, because
there are no modes resonant with NV spin transitions.
However, we find that excitation of the gyrotropic mode
does in fact enhance NV spin relaxation when the vortex
core is in proximity to the NV defect. We attribute this
to the soliton-like nature of the gyrotropic mode, in which
many higher frequencies are present in its spectrum.

II. METHODS

A layer of isotopically pure 12C was grown on an
electronic-grade single crystal diamond (Element Six) via
plasma enhanced chemical vapor deposition. 15N2 gas
was introduced into the growth process at the appro-
priate time to achieve a 15 nm deep delta-doped layer
of nitrogen. A subsequent electron irradiation (2 MeV,

1e14 dose) was used to create the vacancies followed by
annealing of the sample at 850 ◦C under forming gas
(H2/Ar) for 2 hours to form the NV centers. A triacid
(HClO4:HNO3:H2SO4) clean was then used to remove
residual contaminants from the sample surface. Details
about the processing and growth of the NV defect cen-
ter containing diamond film can be found in Refs.29,30

and31. An array of 2-µm-diameter and 35-nm-thick
permalloy disks were then fabricated atop the NV-center-
containing diamond film by electron beam lithography,
electron beam evaporation and liftoff. This results in
a 15 nm vertical separation between the surface of the
disks and the NV centers. Previous magneto-optical mea-
surements on samples fabricated with this process have
verified that these disks reliably magnetize into the sin-
gle vortex state32. A subsequent photo-lithography pro-
cess was used to pattern a 125 nm thick gold co-planar
waveguide (CPW) over the disk array. Figure 1(a) shows
schematic of the sample and setup. A 100X oil immersion
microscope with 1.25 numerical aperture focuses 532-nm-
wavelength excitation onto the sample from the back side
of the diamond. Photoluminescence (PL) is collected
back through the objective, and detected by a single pho-
ton counting module. Fig. 1(b) shows a scanning PL
image of four permalloy disks (blue), with several NV
centers (bright spots) in the diamond ≈ 15 nm above the
disks. The NV/disk pair studied in this paper is indi-
cated by the red arrow.

The NV spin is initialized into the ms = 0 ground
state with 532 nm laser excitation and read out at room
temperature using confocal optically detected magnetic
resonance (ODMR) spectroscopy. The continuous wave
(CW) laser continuously excites and repolarizes the ms =
0 ground state and an RF signal generator is used to
produce a CW AC magnetic field which drives ground
state NV spin population transfer. The AC field also
excites the magnetic vortex. The PL emission from the
sample is detected with avalanche photodiodes. With the
AC field off, the continuous laser excitation polarizes the
ms = 0 ground state to give a reference level of intensity.
When both the polarizing laser is on and the depolarizing
AC field is on and resonant with a transition between
the ground and excited spin state, we observe a decrease
in the PL as the probability of non-radiative decay is
increased. Measurement of the PL, normalized by the
reference level, while sweeping the AC field frequency
produces an ODMR spectrum.

In the small magnetic fields ~B here, transitions from
ms = 0 to the ms = ±1 sublevels occur at f± ≈
fzfs ± (γ/2π) ~B · n̂, where n̂ is the axis of the NV de-
fect, and fzfs = f0 or fex for the orbital ground and ex-
cited states respectively. The gyromagnetic ratio γ/2π =
28 MHz/mT. To produce ODMR spectra, a microwave
magnetic field b is applied by driving the CPW at a fre-
quency f while the PL intensity is monitored. The value
of b at the position of the NV and vortex is calculated
from the measured current in the CPW and the CPW
geometry. Via an arrangement of permanent magnets
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FIG. 1. (a) Sample schematic. (b) Scanning PL image of four
disks (blue) with several nearby NV defects (bright spots).
The disk/NV pair used here is indicated by the red arrow.
The calculated path of the vortex core over the range of B0 =
−12 to 12 mT is shown by the black line. Scale bar = 1µm.
(c) Simulated modes of the magnetic vortex at B = 0, as
excited by a weak broadband pulse. The zero-field splitting
f0 and fex of the NV spin states in the ground and excited
orbital states are indicated, in the gap between the gyrotropic
mode and the confined magnon modes.

on motorized stages, an in-plane static magnetic field ~B
both splits the spin transitions, and also sets the posi-
tion of the vortex core within the disk. We sweep the
vortex along the line shown in black in Fig. 1(b) by ap-

plying a field ~B = ~Boff +B0 l̂, where ~Boff is constant, and

B0 is swept along an axis l̂. We collect ODMR spectra
at different B0, mapping out NV spin polarization as a
function of the interaction with the magnetization of the
disk and the applied field.

III. RESULTS

Figure 2(a) shows the ODMR spectrum vs. f and
B0 of a single NV defect center over a disk shown in
Fig. 1(b). At B0 < 0, the splitting of the NV center
ground and excited states, centered at f0 and fex, show
the expected linear Zeeman splitting due to the applied
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FIG. 2. Optically detected magnetic resonance (ODMR) re-
sults. (a) ODMR spectra vs. B0 with b = 0.5 mTrms. B0

both splits the spin transitions, and translates the vortex
across the disk. Regions where the vortex core is near and
far from the NV are indicated. The features at fg are high-
lighted by the red dashed box, with the value of B0 = 1 mT
used in Fig. 3(a) indicated by the red arrow. (b) ODMR scan
at reduced b = 0.035 mTrms in a range of f near f0, more
clearly showing the ground state spin transitions.

magnetic field. At positive fields B0 = 0 to 8 mT, the
vortex core passes near the NV and we observe a devia-
tion from the Zeeman splitting due to the applied field.
In this region, the NV experiences significant magnetic
field from the vortex core. The largest effects occur when
the NV-vortex core distance is small, around B0 = 2 to
5 mT. In addition to providing additional splitting due
to the static magnetic fringe field, the vortex core field
also causes additional broadening of the transitions. As
shown in Ref.2, When f is resonant with a spin transi-
tion, even though f is far off-resonance from any vortex
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modes, the small off-resonant motion of the vortex core is
sufficient to substantially enhance the applied microwave
driving.

In order to better see the effect of the vortex on
the NV ground state transition frequencies, we per-
form an ODMR scan reducing the microwave field to
b = 0.035 mTrms from the b = 0.5 mTrms used above,
and finer frequency step increment. Figure 2(b) shows
the ODMR spectrum of the same single NV defect in
Fig. 2(a), over the same range of B0, but in this case
over a narrower frequency range centered at f0. The
resonances in the region of strong NV-vortex interaction
are now significantly narrower. Several discontinuities
are observed in the splitting at positive B0. These occur
due to pinning and depinning events when the vortex be-
comes trapped at defects in the permalloy21,33. The data
in Fig 2(b) more clearly shows the additional splitting of
the NV spin states when the vortex core is near the NV,
with the maximum occuring around B0 = 4 mT.

Beyond the ground and excited state NV transitions,
however, additional features appear in the spectra in
Fig. 2(a). In this work, we focus on the feature at
f = 0.15 GHz highlighted by the red dashed box where
intermittent dips in PL are observed when the vortex is
close to the NV. This feature occurs at the expected fre-
quency fg of the vortex gyrotropic mode, suggesting that
excitation of the vortex gyrotropic mode is affecting the
NV spin in a way that causes ODMR contrast. As ex-
pected for the gyrotropic mode, the frequency is largely
independent of magnetic field over this range34–36. The
cause of this dip in PL contrast at fg is the focus of this
paper. The origin of the several other broad features
at higher frequencies in the region of strong vortex-NV
interaction will not be addressed here.

Figure 3(a) shows a series of ODMR spectra with in-
creasing values of b. These scans are performed with
fixed B0 = 1 mT, as indicated by the red arrow in Fig. 2.
The expected dips in contrast near f0 (red dashed line)
and fex (green dashed line) are observed, with increasing
power broadening as b is increased. The data show that
at b < 0.18 mTrms the dip in contrast at the gyrotropic
frequency (see black dashed line) is not observed, but at
b ≥ 0.36 mTrms the dip emerges. Further, the PL dip has
the same magnitude at all powers tested from b = 0.36 to
0.63 mTrms. The inset graph in Fig. 3(a) shows the b-
dependence of the ODMR contrast C at fg. (C is defined
as the fractional reduction of PL intensity.) We attribute
the sudden step in C to vortex pinning. When the vortex
core is pinned at a defect, the amplitude of the gyrotropic
mode is significantly reduced, and the frequency may be
shifted36. At sufficiently large b, the vortex can be un-
pinned and undergo larger amplitude motion. The fact
that the scale of b required to achieve nonzero C is simi-
lar to the field scale between pinning jumps in Fig. 2(b)
lends credence to this explanation.

In order to verify that the dip in contrast at fg observed
in Fig. 2(a) and Fig. 3(a) is due to the excitation of the
vortex gyrotropic mode, we investigated an NV defect
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FIG. 3. (a) ODMR spectra from the NV defect indicated
in Fig. 1(b) at fixed B0 = 1 mT at increasing values of b.
Frequencies f0, fex, and fg indicated by red, green, and black
dashed lines respectively. Inset: ODMR contrast C at fg vs.
b. (b) Similar to (a), but for an NV not near a vortex.

that is not on or near a disk, so the NV only is affected
by the applied static and microwave fields. Figure 3(b)
shows line scans at b = 0.09 to 1.44 mTrms. The only
dips in contrast observed in these data are those near
f0 and fex as expected. Note that the data in Fig. 3(b)
go to higher values of b than in Fig. 3(a). Despite the
higher b in Fig. 3(b), the resonances are less broad than
in Fig. 3(a) because of the vortex enhanced broadening,
as described in Ref.2.

Fig. 4 compares the effect of the static vortex core
on NV spin splitting and the driven vortex core on
the ODMR contrast. Fig. 4(a) shows the half splitting
S = π|f+ − f−|/γ of the ground state transitions about
f0 and Fig. 4(b) shows the ODMR contrast at f = fg,
both extracted from Fig. 2(a) and (b). The field B0 both
splits the spin transitions, and translates the vortex core
across the disk, with the smallest separation between the
vortex core and the NV occurring around B0 = 4 mT. In
Fig. 4(a), when the vortex core is far from the NV, we ob-
serve the continuous, linear Zeeman splitting as expected.
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b.

From B0 = 0 to 7.5 mT the vortex passes near the NV
and we observe strong and non-continuous splitting as
the dipole-like fringe field of the vortex core passes near
the NV in a series of pinned configurations. The ODMR
contrast C in Fig. 4(b) shows a peak in the same range
as the enhanced S in Fig. 4(a), providing further evi-
dence that both effects depend on the proximity of the
NV and vortex core. The blue data plotted in Fig. 4(b)
are measured with b = 0.5 mTrms, as in Fig. 2(a), in
which intermittent suppression of C is seen, for example
at B0 = 2 mT. The red data in Fig. 4(b) are measured
with an increased b = 0.75 mTrms (and a limited range
of B0 > 0.) Here, we see a similar envelope as at lower
b, but without the jumps to C = 0. This is consistent
with the picture of the vortex core translating through
different pinning configurations. When pinned, a certain
threshold in b is required to excite large-amplitude gy-
rotropic motion. Such a threshold at b ≈ 0.3 mTrms
was observed in the inset to Fig. 3(a) at B0 = 1 mT. In
Fig. 4(b), both values of b are already above the thresh-
old at B0 = 1 mT. Though there is no precise correlation

between the jumps in S and the jumps in C, it is notable
that the large dip in C near B0 = 2 mT coincides with
the largest slope in S vs. B0 in Fig. 4(a). The large
slope in S may be caused by a strongly pinned vortex
core deforming without translating32.

To understand how the gyrotropic mode of the vortex
influences the NV spin, we performed simulations using
the object-oriented micromagnetic framework37. We sim-
ulate a 2-µm-diameter, 40-nm-thick permalloy disk, with
saturation magnetization MS = 8.1 · 105 A/m and ex-
change stiffness A = 1.05 · 10−11 J/m, on a rectangular
mesh with cell size (x×y×z) = (5×5×20) nm3. The spec-
trum in Fig. 1(c) was obtained by relaxing the magnetiza-
tion at zero applied field, and applying a weak broadband
pulse of the form bx = b0 sin (2πfc(t− t0))/(2πfc(t− t0))
to excite the magnon modes38. In this simulation, we let
b0 = 1 mT, t0 = 0.4 ns, and the pulse contains frequency
up to fc = 20 GHz. The fast Fourier transform of the
energy density vs. time in each cell in the disk was com-
puted, and the magnitudes at each frequency were aver-
aged to produce the mode spectrum in Fig. 1(c). We see
good agreement between the experimental fg = 0.15 GHz
and the simulated fg = 0.16 GHz, with the difference
likely due to slightly different values of thickness, Ms, or
A. As noted above, for this weak excitation there is no
spectral overlap with the NV spin transitions. Indeed, in
the data, we have observed a threshold in b below which
excitation in the range of fg does not affect the ODMR
contrast.

The key fact in explaining the interaction between the
gyrotropic mode and the NV spin transitions is that the
spectrum of the fringe field generated by the gyrotropic
mode is highly nonlinear with the amplitude of the gy-
rotropic motion. This arises from the soliton-like nature
of the gyrotropic mode, where the vortex core with ra-
dius rc ≈ 10 nm undergoes uniform displacement about
the equilibrium position. When the gyrotropic mode is
weakly driven such that the radius of the vortex core or-
bit rg � rc, then the spectrum of the gyrotropic mode
consists of a single peak at fg, as shown in Fig. 1(c).
When the gyrotropic mode is more strongly driven such
that rg � rc, then not only does the peak at fg increase,
but additional peaks in the spectrum of the fringe field
appear at integer multiples of fg. This is in contrast to a
purely harmonic mode in the linear regime with a single
well-defined frequency where increased driving increases
the spectrum at that frequency. (See Supplementary Ma-
terial for additional discussion of this nonlinearity.) Note
that this nonlinearity is not related to vortex pinning.
We also observed above that vortex pinning suppresses
the amplitude of gyrotropic motion for weak driving, but
the effect described here is nonlinear in the amplitude of
the motion, regardless of what driving field is necessary
to excite it. We can estimate the typical radius of the
gyrotropic orbit as rg ≈ Qbχ0, where Q is the quality
factor of the gyrotropic mode. From time-resolved mea-
surements of the gyrotropic mode on similar disks39, we
estimate Q ≈ 5. For a typical b = 0.5 mTrms, this yields
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FIG. 5. (a) Simulated fringe field components Bx, By, and
Bz in the cell above the disk as the vortex core is undergoing
gyrotropic motion as indicated by the dashed circular arrows.
(b) Magnetic field components at the point labeled ‘×’ in (a)
over one period of the gyrotropic motion. (c) Fast Fourier

transform amplitudes B̃x, B̃y, B̃z of the field components vs.
time in (b), showing significant spectral overlap with fex and

f0. (d) Amplitude B̃ = (B̃2
x + B̃2

y + B̃2
z)1/2 at f = fg, 1.5 GHz

and 2.8 GHz, at a point translated a distance x away from
the ‘×’ in (a), as indicated by the double ended arrows in (a).
The scale bar converts x to in-plane field via χ0.

rg ≈ 150 nm. With rg � rc, the local magnetization,
and resulting properties such as energy density or fringe
field, do not just vary sinusoidally at fg but also have
significant higher frequency components as well.

To simulate the driven gyrotropic mode with large am-
plitude, we obtain a snapshot of the vortex undergoing
gyrotropic motion with radius rg, then rotate that mag-
netization about the center of the disk at frequency fg.
The snapshot of the vortex with the core at rg is ob-
tained by first relaxing the vortex state at a relatively
large field Bx = 7 mT to translate the vortex core to
a radius r > rg. The system then evolves over time at
B = 0 with a realistic Gilbert damping α = 0.008, result-
ing in the vortex core orbiting around, and relaxing back
to, the origin. When, during this trajectory, the vortex
core has relaxed to r = rg, we capture a snapshot of the
magnetization and rotate about the disk center to simu-
late driven gyrotropic motion at constant rg. This simu-
lation method is more efficient than directly simulating a
sinusoidal driving field until reaching steady state. The
components of the dipole-like fringe field in the cell above
the disk at one snapshot in time are shown in Fig. 5(a),
with the subsequent trajectory of the vortex core illus-
trated by the dashed circle. See Supplementary Material
for further discussion of this method of extracting the
fringe field.

If the NV is at the position indicated by the ‘×’ in
Fig. 5(a), it will experience sharp spikes in magnetic field

with period 1/fg each time the vortex core sweeps past.
The fringe field at this position as shown in Fig. 5(b)
over one period. Note that the simulated amplitude of
these pulses ≈ 100 mT may be an overestimate of the
fringe field generated by the dynamic vortex core: the
simulation only contains one cell above the disk with a
height of 20 nm, and the fringe field falls off rapidly with
distance from the surface. Experimentally, the splitting
S shown in Fig. 4 indicates that the vortex core generates
fringe fields up to several mT at the 15 nm distance of
the NV centers, about 25 times lower than the simulated
values.

The frequency spectra B̃x, B̃y, and B̃z of the three
components of the pulse in Fig. 5(b) are shown in
Fig. 5(c). The sharpness of the pulse in fringe field as
the vortex core passes the NV yields a very broad fre-
quency spectrum, with significant weight at both fex
and f0. Therefore, the pulse can drive transitions be-
tween the ms = 0 and ms = ±1 spin states in both the
ground and excited states of the NV center. The magni-
tude of the field on resonance with a transition sets the
Rabi frequency fR ≈ γ

4π b⊥ ∼ 112 MHz, where b⊥ is the
component of the resonant field perpendicular to the NV
axis. The relation is only approximate because the direc-
tion of the time-dependent field is not constant. Over the
time span of one gyrotopic period 1/fg, we then expect
a Rabi rotation ∆θ = fR/fg ∼ 0.8 for each pulse. If we
assume that the simulation is overestimating the fringe
field by a factor of approximately 25, then we would ex-
pect fR ≈ 5 MHz, and ∆θ ∼ 0.03.

The magnitude and sign of the Rabi rotation will de-
pend on the phase of the spin state relative to the ar-
rival of the pulse. Since fg is not necessarily commen-
surate with f0 or fex, the phase is essentially random
between successive pulses. Moreover, the phase at suc-
cessive pulses is very sensitive to dephasing of the spin
state. The arrival of pulses at a rate fg with random
phase of the spin state results in a random walk between
the ms = 0 and ms = ±1 eigenstates with a step size on
the order of ∆θ, and hence, enhanced spin relaxation due
to accumulation of random Rabi rotations. Within the
repolarization time τ of the NV spin, we expect the ran-
dom walk to rotate the spin through an angle with stan-
dard deviation σθ ∼

√
τfg∆θ, assuming the phase of the

spin state is completely decorrelated between successive
gyrotropic periods. For τ ∼ 1 µs, we estimate σθ ∼ 10
radians for the large simulated pulses, and σθ ∼ 0.4 radi-
ans for the experimentally observed values of the fringe
field. This latter order of magnitude is consistent with
the observed PL dip, which is clearly visible, yet smaller
than the dip due to complete depolarization at f0 and
fex.

To compare the spatial dependence of this spin relax-
ation mechanism to the experimental observations, we
plot B̃ = (B̃2

x + B̃2
y + B̃2

z )1/2 in Fig. 5(d) at fg and near
f0 and fex, with the NV translated in the x-direction rel-
ative to the vortex core equilibrium position, as indicated
by the double arrow in Fig. 5(a). The actual magnitude



7

of spin relaxation is a more complicated function of the
pulse profile and components, but B̃ serves a simple mea-
sure of the strength of the contributing components. The
position x = 0, at the ‘×’, is the minimum separation be-
tween the vortex core and the NV, with a large spectral
weight at all three frequencies. Both near fex and f0,
B̃ falls off rapidly as the separation between the vortex
core and the NV increases. The particular width and
lineshape of these curves depends on the precise position
and orientation of the swept path with respect to the gy-
rotropic orbit, but in general shows high values when the
vortex core is in close proximity to the NV, and falls off
quickly as they move apart. This is in good agreement
with the experimental result shown in Fig. 4(b). The
scale bar in Fig. 5(d) coverts position to applied mag-
netic field via χ0.

IV. CONCLUSIONS

We have shown that the driven gyrotropic mode of a
magnetic vortex can cause enhanced spin relaxation of
a nearby NV spin. Despite the large detuning between
the NV spin transitions and any of the discrete modes
of the magnetic vortex, we measure enhanced spin relax-
ation when the vortex core is sufficiently close to the NV
and sufficiently strongly driven. Unlike a wave with a
well-defined wavelength and frequency, a soliton propa-
gates as a localized wave packet with a broad spectrum.
The vortex core differs from a soliton in that its form is
not governed by a nonlinear dispersion, yet the resulting
traveling wave is still described by a broad spectrum of
wavelength and frequency components. Particularly for
large amplitude motion, these higher frequency compo-
nents yield interactions that are not apparent from the
spectrum of modes under weak excitation. The type of
coupling between the gyrotropic mode of a vortex and the
NV spin described here may also occur in other magnetic
systems coupled to spin qubits, including those based on
dynamically driven domain walls or skyrmions.
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