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ABSTRACT

We combine micromagnetic simulations and nitrogen-vacancy (NV) defect center spin relaxometry measurements to study magnon modes
in inhomogeneous spin textures. A thin, micrometer-scale ferromagnetic disk is magnetized in a vortex state in which the magnetization
curls around a central core. Micromagnetic simulations show that at zero applied field, the magnetization dynamics of the disk consist of a
low frequency gyrotropic mode and higher frequency azimuthal magnon modes, all far detuned from the NV spin transition frequencies.
An in-plane static magnetic field breaks the azimuthal symmetry of the vortex state, resulting in the magnon modes transforming in
frequency and spatial profile as the field increases. Experimentally, we probe the dynamics of vortex magnetization as a function of applied &
in-plane static field and ac driving frequency by optically monitoring a nearby NV defect center spin. At certain values of the applied g
magnetic field, we observe enhanced spin relaxation when driving at twice the frequency of the NV ground state spin transition in optically
detected magnetic resonance measurements. We attribute this effect to parallel pumping of a magnon mode in the disk producing magnons

at half the excitation frequency. Micromagnetic simulations support this finding, showing spatial and spectral overlap of a confined magnon
mode and an NV spin transition, with sufficient interaction strength to explain the observed signal.
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I. INTRODUCTION with exception of Ref. 1, continuous magnon spectra. In magnetic
films with continuous magnon spectra, through multi-magnon pro-
cesses, excitation of magnon modes far detuned from the NV spin
transitions results in spin relaxation. For example, driving the
zero-wave-vector ferromagnetic (FM) resonance at frequencies below
the NV spin transitions results in the excitation of a continuous
band of magnon modes of higher wave-vector incoherent magnons,

Single spin nitrogen-vacancy (NV) defect centers in diamond
offer opportunities for high-sensitivity, nanoscale probing of
magnons.'”” As an atomic-sized quantum sensor, NV centers allow
for high spatial resolution measurements of magnon excitations con-
fined in nanoscale dimensions within magnetic spin textures such as

vortices, skyrmions, and magnetic domain wall structures. These some of which are resonant with the NV spin transition frequencies.
spin textures are stable sources for short wavelength and nonlinear In the case of geometrically confined systems, the magnon mode
magnon generation which makes them attractive for applications in  spectrum becomes discrete, and NV spin relaxation is only observed

magnonic information processing and memory storage.”™"” when a magnon mode overlaps both in frequency with an NV spin

In previous studies, NV defect center spins have been employed transition and spatially with the NV defect.
to study magnon phenomena in a range of magnetic thin films.'™ In this experiment, we employ NV defect centers to study the
These experiments studied films with uniform magnetization and, discrete spectrum of magnon modes in a non-uniform magnetic
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vortex. Thin, micrometer-scale FM disks with negligible anisotropy
magnetize into a vortex ground state configuration. Figure 1(a)
(inset) shows a simulation of the magnetization of a 2.1 um diame-
ter, 37 nm thick permalloy (Py) disk with no applied field. The
magnetization curls around in the disk plane (M, = 0), tangential
to the disk boundary except in the center where the magnetization
orients out-of-plane (M, # 0). The central region with M, # 0 is
the vortex core with half width of r. = 10nm. As shown in
Fig. 1(b) (inset), an external in-plane magnetic field B= (B, By)
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FIG. 1. (a) Simulated modes of a magnetic vortex Py disk at B = 0mT with
simulated magnetization (inset). (b) Simulated modes of a magnetic vortex Py
disk at B = (10, 0) mT with simulated magnetization (inset). The modes were
excited through a broadband pulse.
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causes the disk magnetization to align with the field, shifting
the vortex core perpendicularly with vortex core position
X = (x,y) = cx¢(B,, — Bx), where ¢ = £ 1 corresponds to vortex
circulation clockwise or counterclockwise, and with y, ~ 60 nm/
mT.'® Here, c = —1 so that positive B, yields displacement in posi-
tive y.

These disks display a discrete spectrum of magnon modes
with a frequency and spatial profile that depend on the magnetiza-
tion state. For an unshifted vortex, the magnetization dynamics
consist of confined azimuthal magnon modes which circulate
around the entire disk at frequency f,, = 4-5 GHz, in addition to a
low frequency soliton-like gyrotropic oscillation of the vortex core
at f; = 0.16 GHz. Figure 1(a) shows the frequency response of M,
averaged over the disk shown in the inset following a broadband
pulse. We observe the gyrotropic mode at f, = 0.16 GHz along
with two azimuthal magnon modes at f,, =4.3 and 5.1 GHz.
These modes are well separated from the NV ground- and excited-
state spin transition frequencies near f; and f,,, respectively. As the
vortex core shifts with an applied field B, the azimuthal modes
decrease in frequency and become confined in local regions of the
disk.'” Figure 1(b) shows the frequency response of M, for the disk
depicted in the inset. The azimuthal modes have shifted in fre-
quency and now overlap the NV ground state spin transitions.

The evolution of these modes with field can be understood by
looking at their spatial profile.'” Figure 2 shows the response of M
at a single frequency, as a function of position. The color intensity
of the plot represents amplitude of magnetization response while
the color represents the phase. With no field applied, the azimuthal
modes at f,, = 4.3 and 5.1 GHz traverse the entire disk as shown
in Figs. 2(a) and 2(b). These modes are counterpropagating and
one revolution represents a phase increase of 2z. The azimuthal
modes only survive in the low-field regime, however. As a static
field B is applied, the magnon modes become localized in potential

wells on either side of the vortex core due to build up of magnetic ¢

charges around the vortex core and disk edges.'” Figure 2 shows the
spatial profile of locally confined magnon modes at B = 10 mT and
frequency f of (c) 2.78 and (d) 2.97 GHz. These modes appear as
standing waves confined locally in lobes on each side of the disk."®

Il. MATERIALS AND METHODS

The next two paragraphs describe the experimental process
used in this paper as reported previously.”

A layer of isotopically pure ?C was grown on an electronic-
grade single crystal diamond (Element Six) via plasma enhanced
chemical vapor deposition. ®N, gas was introduced into the
growth process at the appropriate time to achieve a 15nm deep
delta-doped layer of nitrogen. A subsequent electron irradiation
(2 MeV, 1el4 dose) was used to create the vacancies followed by
annealing of the sample at 850°C under forming gas (H,/Ar) for
2h to form the NV centers. A triacid (HCIO4:HNO3:H,SO,) clean
was then used to remove residual contaminants from the sample
surface. Details about the processing and growth of the NV defect
center-containing diamond film can be found in Refs. 19-21. An
array of 2.1-um diameter and 37-nm thick Py disks were then fab-
ricated atop the NV center-containing diamond film by electron
beam lithography, electron beam evaporation, and liftoff. This
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FIG. 2. Simulated spatial profile of azimuthal modes due to a broadband pulse
in Py disk at B = 0mT and frequency f,; of (a) 4.3 and (b) 5.1 GHz. Simulated
spatial profile of locally confined modes due to a broadband pulse in Py disk at
B =10mT and frequency f of (c) 2.78 and (d) 2.97 GHz. Bottom right shows
the hue/saturation color scale used in other panels mapping the amplitude (satu-
ration) of the Fourier components of M and phase angle (hue) of the Fourier
component of M, at the indicated frequencies. Scale bar is the same in all
panels.

results in a 15nm vertical separation between the surface of the
disks and the NV centers. A subsequent photo-lithography process
was used to pattern a 125nm thick gold co-planar waveguide
(CPW) over the disk array. Figure 3(a) shows a 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 photon counting module. Figure 3(b) shows a scanning PL
image of four Py 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 indicated by the red arrow.

In the small magnetic fields B here, transitions from m, = 0
to the m, = +1 sublevels occur at fy =~ fi + (}//27r)§ - 11, where
f is the axis of the NV defect and f,i = fy or f.. for the orbital
ground and excited states, respectively. The gyromagnetic ratio

ARTICLE pubs.aip.org/aip/jap
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FIG. 3. (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 indi-

cated by the red arrow. The calculated path of the vortex core over the range of
By = —12 to 12 mT is shown by the black line. Scale bar = 1 um.

y/2m = 28 MHz/mT. To produce optically detected magnetic reso-
nance (ODMR) spectra, a microwave magnetic field b = 0.7 mT is
applied by driving the CPW at a frequency f,. while the PL inten-
sity 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 on
motorized stages, an in-plane static magnetic field B both splits the
spin transitions and also sets the position of the vortex core within
the disk. We sweep the vortex core along the line shown in black in
Fig. 3(b) by applying a field B = Bog + Bol, where Bogr = —1.3mT
is constant and By is swept along an axis ! oriented at approxi-
mately 45° with respect to the direction of b. We collect ODMR
spectra at different By, mapping out NV spin polarization as a
function of the interaction with the magnetization of the disk and
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the applied field. In practice, we collect the data in two sweeps
starting from By = 0 in the negative and positive directions. In all
cases, we do not ramp |By| > 12mT to avoid annihilation and
re-formation of the vortex state.

lll. RESULTS

Figure 4 shows the ODMR spectrum f,. vs By of a single NV
defect center over a magnetic vortex disk as shown in Fig. 3(b). The
resonances centered around f, show the NV center ground state
transitions under the influence of the applied magnetic field and
the dipolar fringe field of the magnetic vortex.”* In the region By ~
0 to 8 mT, the NV center ground state transitions centered at f;
display strong and irregular splitting due to the proximity of the
vortex core. Outside of this region (By < 0 and By > 8 mT), the
transitions show nearly linear Zeeman splitting into two branches
f+ and f_, with some asymmetry due to longer range fringe fields
emanating from the magnetic texture of the vortex. The high
frequency ODMR contrast labeled fy and highlighted by red
dashed boxes is the subject of this paper and discussed further
below. Additionally, we observe intermittent ODMR contrast at

Normalized PL Intensity
088 09 092 094 096 0.9 1
I_;ﬁ_-l _____ : T T T :—_————¢—i——:—:
5 Ea=gta I z Ju :
Ju
41 _
N S =
T
5 T
3

FIG. 4. ODMR spectra f,; vs By of the NV spin above a magnetic vortex. The
features at fy are highlighted by a red dashed box. Diagrams at the bottom illus-
trate the position of the vortex core (black dot) relative to the NV center (red x)
at three values of By.

ARTICLE pubs.aip.org/aip/jap

f¢ = 0.15GHz due to the vortex core gyrotropic mode.” The cause
of the broad features near f; and f,, at By =2-7mT is not
identified.

Simulated magnon spectra f vs By for a 2.1um diameter,
37 nm thick Py disk under static bias field By = —12 to 12mT are
shown in Fig. 5. Simulations are carried out using the
object-oriented micromagnetic framework (OOMMEF”), with a
525 % 525 % 9.25nm> cell size. Values M, = 8.1 x 10° A/m,
o =0.008, and A =1.05 x 107" J/m are used for the saturation
magnetization, Gilbert damping coefficient, and exchange stiffness,
respectively. Excitation is provided by a broadband magnetic field
pulse b, = bysinc(zv,t), where by = 1 mT and v, = 20 GHz. The
subsequent magnetization dynamics are recorded, with the fre-
quency response extracted by performing FFTs of M vs time at
each position. At By =0, we observe the gyrotropic mode
f¢ = 0.16 GHz and the azimuthal mode doublets 1 and 2 at f,, =
5.1 and 4.3 GHz. As the magnetic field B, is increased, we observe
mode 2 shift to higher frequency while mode 1 remains constant
before becoming suppressed at higher By. The gyrotropic mode
f¢ = 0.16 GHz remains constant over the entire field range. New
magnon modes 3 and 4 emerge with increasing By and shift to
lower f. NV ground state resonances f. and f_ extracted from
Fig. 4 are plotted over the simulated data as red and green circles to
compare with the modes of the disk. Also plotted are the high

FFT Amplitude (arb. units)
2 3

-10 -5 5 10

0
By (mT)

FIG. 5. Simulated modes f vs By of a magnetic vortex with experimental
ODMR resonances added. The yellow bands are simulated modes of the mag-
netic disk and the green and red circles are the NV ground state resonances f,.
and f_ from Fig. 4. The black x data points are the resonances at fy in the
ODMR data, also plotted at % (blue) to compare with f_.
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frequency ODMR resonances fy along with f7” for comparison
with f_.

The high frequency ODMR features fy observed in Fig. 4 are
not expected in our spectrum. There are no NV spin resonances in
this region and no known resonant modes of the magnetic vortex
that would explain them. The off-resonant contrast fy, however,
appears at exactly twice the frequency f- of an NV ground state
spin transition. This suggests parallel pumping as a mechanism to
explain the off-resonant ODMR contrast. In the phenomenon of
parallel pumping, an AC driving field f,, applied parallel to the
majgnetization of a thin magnetic film, efficiently excites magnons
at %.24 Given the inhomogeneous magnetization of the magnetic
vortex, parallel pumping is likely to occur in general.

To support the hypothesis of parallel pumping, we compare
the observed field range of the features at fy to the magnon mode
crossings of f_ in the simulated magnon spectra. Next, we show

zga b
§ 8 Je,
5 6
:% Parallel pumping /
o 4
—g Gyrotropic\4 |
=, 2 mode
S /d :k 1 um
N M i s
0 1 2 3 4 5 ¢
Frequency (GHz)

-2 -1.5 -1 -0.5 0 .5
log;, Bf(mT)

FIG. 6. (a) Simulated Fourier amplitudes of a magnetic vortex excited with a
narrowband pulse of f,, =5.5GHz with B=10mT. (b) Simulated spatial
profile of parallel pumped mode at %‘” = 2.75GHz in (a). (c) Simulated demag-
netization field 30 nm above the disk in (b). The black “x” marks in (c) show

the location of the NV center from our experiment with the lower “x” represent-
ing the location of the NV center at B = —10 mT. Scale bar = 1 um.
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through further time-domain simulations that driving at fy results
in parallel pumping of the mode at f_. Last, we will show the mag-
netic fringe field produced by this mode overlaps spatially with the
NV center with magnitude sufficient to create ODMR contrast.

The key element of our results showing off-resonant NV spin
relaxation due to overlap of a confined magnon mode with a spin
resonance is shown in Fig. 5. Magnon mode 4 crosses the NV
ground state transition f_ over the same magnetic field ranges B,
where we observe the ODMR features fy (indicated by black “x”
symbols). As noted above, f7” (indicated by blue “x” symbols) falls
exactly along the curve f_ as shown in Fig. 5, even tracking a small
jump in f_ at By = 10.7 mT, which is caused by vortex pinning.**
This is the hallmark of parallel pumping where driving at frequency
f produces magnons at 3, for example, as observed in Ref. 25 in
continuous YIG magnetic insulator films. This result is in contrast
to three-magnon scattering in a magnetic vortex where excitation
of radial modes decay into two azimuthal modes at% + Af.1°

We confirm that a parallel pumping process occurs in our
magnetic disk by performing additional micromagnetic simulations
at By = 10mT with continuous single-frequency excitation at
fac = 5.5 GHz and the same amplitude used in the experiment. The
frequency response of the simulation is shown in Fig. 6(a) as the
average of the Fourier amplitude of M,. The peak appearing at
fac = 5.5 GHz is resonant with the driving field. A second peak
appears at % = 2.75 GHz, which is the expected Jparallel pumping
effect. The spatial profile of the response at %*=2.75GHz is
plotted in Fig. 6(b) and closely resembles the profile of magnon
mode 4, as shown in Fig. 2(c). The small feature f, = 0.17 in Fig. 5
(a) corresponds to the vortex core gyrotropic mode which is being
weakly excited off resonance either by coupling to the parallel
pumped mode at % =2.75GHz, by the driving field
fac = 5.5 GHz, or by both.

We further verify that the magnetic fringe field produced by
parallel pumping of mode 4 is sufficient to explain the off-resonant
ODMR contrast fy observed in Fig. 4. The amplitude of the simu-
lated demagnetization field above the disk created by the parallel
pumped magnon mode f% is shown in Fig. 6(c). The upper black
“x” marks the location of the NV center in our experiment with
the lower “x” equivalent to a simulation at By = —10 mT but with
the disk rotated 180°. We observe spatial overlap between the mag-
netic field and NV center in both configurations with amplitude
By ~ 0.1 mT which is the same order of magnitude as the experi-
ment where b = 0.7 mT and sufficient to explain the off-resonant
ODMR contrast.

IV. DISCUSSION

Though one would also expect resonant pumping of magnon
mode 4, we cannot conclusively identify resulting features in the
ODMR data. From our simulation results, we estimate that the par-
allel pumping efficiency is ~ 50% of the resonant pumping effi-
ciency of mode 4. The linewidth and amplitude of the f, and f_
resonances in Fig. 4 vary with By due to the combination of the
driving field b and the response of the vortex to that driving field.
Due to the chirality of the vortex state, the response of the vortex
may couple differently to f, and f- and may add constructively or
destructively to driving field itself.”” Given the complexity of the
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spatial profile of the fringe field, it is difficult to ascribe particular
features to interactions with particular modes.

We have demonstrated coupling of a confined magnon mode
in a shifted magnetic vortex to an NV defect spin through a parallel
pumping process. Despite driving the ac field at frequencies far
detuned from an NV spin transition, we observe enhanced spin
relaxation when an in-plane magnetic bias field is applied to an
FM disk. The off-resonant spin relaxation results from parallel
pumping of a magnon mode at half the frequency of excitation.
Unlike three-magnon scattering in radially excited vortices, parallel
pumping creates pairs of phase connected magnons at exactly half
the frequency of excitation. Nonlinear magnon processes in vortices
such as those observed here have potential for applications in neu-
romorphic' >’ and reservoir'®'> computing. NV defect centers
open a path for probing of highly localized magnon excitations
confined in nanoscale regions of non-uniform magnetization. The
technique could be extended for detailed mapping of complex spin
textures such as skyrmions, vortices, and magnetic domain walls,
with additional spatial information potentially obtained through a
scanning NV approach.
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