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Skyrmions are nanoscale magnetic structures with features promising for future low-power memory
or logic devices. In this work, we demonstrate novel scanning techniques based on nitrogen vacancy
center magnetometry that simultaneously probe both the magnetic dynamics and structure of room
temperature skyrmion bubbles in a thin film system Ta/CoFeB/MgO. We confirm the handedness of
the Dzyaloshinskii-Moriya interaction in this material and extract the magnitude of the helicity angle
of the skyrmion bubbles. Our measurements also show that the skyrmion bubbles in this material
change size in discrete steps, dependent on the local pinning environment, with their average size
determined dynamically as their domain walls hop between pinning sites. In addition, an increase in
magnetic field noise is observed near skyrmion bubble domain walls. These measurements highlight
the importance of interactions between internal degrees of freedom of skyrmion bubble domain walls
and pinning sites in thin film systems. Our observations have relevance for future devices based
on skyrmion bubbles where pinning interactions will determine important aspects of current-driven
motion.

I. INTRODUCTION

Magnetic skyrmions are solitonic spin textures with
non-trivial topology. They were first discovered in non-
centrosymmetric bulk crystals and ultrathin epitaxial
magnetic layers [1–4]. The skyrmions observed in those
materials had nanoscale sizes and large current-driven ve-
locities, leading to their identification as promising can-
didates as carriers of information in future high-density,
low-power electronics [5–8]. Recently, much interest has
focused on the creation of related magnetic structures in
sputtered thin film multilayers [9–12]. These multilayer
materials are promising for making practical skyrmion
devices, but further materials development is required to
achieve the 10 nm-scale and efficient current-driven mo-
tion desired for applications [13].

As skyrmion multilayers and devices are developed,
local, real-space probes of these systems will be crucial
to understanding their microscopic behavior. Measure-
ments of skyrmion size and structure, current-driven be-
havior, and interaction with defects will be necessary
to engineer materials with characteristics optimized for
use in skyrmion devices. Several imaging techniques
have already been used to study skyrmions, includ-
ing Kerr microscopy [10, 14], Lorentz transmission elec-
tron microscopy [15, 16], transmission X-ray microscopy
[9, 17, 18], and magnetic force microscopy [12, 19, 20].
While each of these tools has certain advantages, a scan-
ning probe microscope (SPM) based on the nitrogen-
vacancy (NV) defect in diamond [21–23] is another probe
particularly well-suited to studying skyrmion devices; the

NV-SPM is magnetically non-invasive and offers quan-
titative, nanoscale spatial resolution of stray magnetic
fields over a wide range of temperatures and magnetic
fields [24–29].

In this work, we utilize a scanning NV microscope to
study bubble skyrmions [30], in the multilayer system
Ta(2nm)/Co20Fe60B20(1nm)/Pt(1Å)/MgO(2nm) [10].
We demonstrate that scanning NV microscopy is a
uniquely versatile tool for the study of skyrmion mate-
rials, useful for investigating both magnetic structure
and dynamics in these materials. Specifically, we use the
NV microscope to extract magnetic parameters of this
thin film system such as the exchange stiffness and the
domain wall width and then employ these parameters to
study the chiral nature of the skyrmion spin structure.
Importantly, our measurements show ubiquitous inter-
actions between pinning sites and the internal degrees
of freedom of skyrmion bubble domain walls. Pinning
of skyrmion internal degrees of freedom has previously
been shown to be a key factor in determining skyrmion
size in similar multilayer systems [17, 18, 29]. Here, we
observe that skyrmion bubble sizes change in discrete
steps as a function of the applied external field. For
many of the observed skyrmion bubbles, their average
size is determined dynamically as sections of the bubble
domain walls hop back and forth between multiple
pinning sites. We quantitatively probe the dynamics
of these hopping processes using spectroscopy of an
NV center positioned near fluctuating bubble walls.
We also observe switching in real time between bubble
and saturated ferromagnetic states, and we image
the local magnetic noise environment near skyrmion
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FIG. 1. Scanning NV-based imaging of skyrmions. (a) Diagram of the experimental setup. A single-crystal diamond probe
containing a single NV center near the apex of its tip is scanned above the multilayer sample. Simultaneous optical and RF
excitation of the NV gives an ESR signal (b), which is used to measure the stray magnetic field at each position in the scan.
(b) Example of an NV ESR signal: the NV fluorescence rate decreases when applied microwaves are on resonance with either of
the NVs two spin transitions (ms = 0→ +1 and ms = 0→ −1). The splitting of the two peaks is used to calculate BNV , the
magnetic field along the NV center axis. Plotted is the ratio of the NV fluorescence to its off-resonant value. (c) NV magnetic
image of a skyrmion bubble with an external magnetic field of 10.0 Oe perpendicular to the film plane. (d) Magnetic contour
image with applied microwave frequency = 2.870 GHz and with 6.5 Oe perpendicular to the film plane.

bubbles and observe an increase in magnetic noise near
skyrmion bubble domain walls. Our direct observations
of skyrmion bubbles interacting with multiple pinning
sites have important implications for skyrmion bubble
motion in this material. As shown previously, high
densities of pinning sites can lead to a break down
of typical micromagnetic models of skyrmion motion,
which show low depinning current densities and large
velocities in the presence of sparse defects [9].

II. EXPERIMENTAL SETUP

In these measurements, a single NV center in a dia-
mond probe is scanned over the sample surface while the
stray magnetic field is measured using the NV center’s

optically detected magnetic resonance spectrum (Fig. 1),
hence referred to as its (electron spin resonance) ESR
spectrum [28]. This spectrum is measured by sweep-
ing the frequency of applied microwaves while monitoring
the spin-state-dependent NV fluorescence rate (Fig. 1b).
Magnetic fields induce a Zeeman splitting ∆f between
the NV ms = ±1 spin states that is proportional to the
absolute value of the stray field along the axis of the
NV— ∆f ' 2γ|BNV |/(2π), where γ = 2π × 2.8 MHz/G
is the gyromagnetic ratio of the NV. BNV is calculated
for a given ESR spectrum using this Zeeman splitting
with a small correction due to fields perpendicular to the
NV axis [31]. ESR measurements are used to acquire a
two-dimensional map of BNV (Fig. 1c). Based on this
map, it is possible to reconstruct all vector components
of the stray field [32, 33], and the reconstructed vector
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FIG. 2. Field contour images of magnetic phases in Ta/CoFeB/MgO system acquired with the NV microscope. The applied
microwave frequency is 2.870 GHz for all images. An external magnetic field applied normal to the sample plane is increased
from 0-9 Oe in (a)-(d). As the field increases, the magnetic order evolves from stripes at 0 Oe (a) into a mixed skyrmion/stripe
phase at 3 Oe (b) and a skyrmion phase at 6 (c) and 9 (d) Oe. At these fields, zero-field contours mark the approximate domain
wall positions. The scale bar for all images is shown in (d).

field can be used to estimate the domain wall positions
comprising an individual magnetic bubble and probe the
internal structure of domain walls [26, 27, 34]. The imag-
ing resolution of this technique is determined by the dis-
tance from the NV to the magnetic CoFeB layer. For the
image in Fig. 1c, this distance was measured to be 58 ±
5 nm [35].

Measuring the ESR spectrum at each scan point is time
intensive, so a faster contour imaging method is used
to get information about magnetic structure. In a con-
tour measurement, the frequency of applied microwaves
is fixed while the microwave amplitude is square-wave
modulated on/off at kHz frequencies. The NV fluores-
cence rate difference for microwaves on vs. off is measured
at each point of the scan. Dark contours in the result-
ing image correspond to resonances of the applied mi-
crowaves with the ms = 0 to ms±1 transitions— to first
order giving contours of constant magnetic field. These
contours, with a properly chosen microwave frequency,
correspond to domain wall locations in the underlying
thin film, as discussed below. The contour image in Fig.
1d outlines the approximate domain wall positions of a
group of skyrmion bubbles.

III. MAGNETIC PHASES Ta/CoFeB/MgO

In the Ta/CoFeB/MgO thin film system, perpendicu-
lar magnetic anisotropy (PMA) due to the CoFeB/MgO
interface allows for the existence of magnetic bubbles
stabilized under a small magnetic field perpendicular to
the film. An interfacial Dzyaloshinskii-Moriya interac-
tion (DMI) arising from an antisymmetric exchange cou-
pling at the interface of the ferromagnetic CoFeB and
strong spin-orbit Ta layers encourages a fixed chirality of
the magnetization structure of these bubbles. A wedged
sub-nm Pt insertion layer between the CoFeB and MgO
tunes the PMA strength by weakening Co-O and Fe-O
bonds at the MgO interface. This Pt insertion layer also

induces a DMI at the top CoFeB interface, modifying
the total DMI strength [36–38]. A magnetic field Bext

is applied perpendicular to the sample plane giving rise
to isolated skyrmions in certain regions of the PMA-Bext

phase space [10]. The NV fluorescence images in Fig. 2
show the evolution of the magnetic order with Bext. At
Bext = 0, magnetic order takes the form of stripe-like do-
mains. As Bext is increased, the system undergoes a first
order phase transition into a skyrmion phase. In Fig. 2,
a coexistence of skyrmion bubbles and stripes is seen al-
ready at 3 Oe, and several bubbles persist up to Bext = 9
Oe. At fields larger than 10 Oe, the material transitions
into a ferromagnetic phase with no magnetic features in
the NV images. The images in Fig. 2 were obtained using
the contour imaging method, with the frequency of the
applied microwaves fixed to the NV zero-field splitting
frequency of 2.870 GHz. For the small values of Bext

used, the dark contours mark the approximate domain
wall positions, with a small (< 100 nm) scale offset in the
direction of the NV’s in-plane projection [35]. The width
of the contour lines, which can be much smaller than the
NV-sample separation, is determined by the width of the
NV ESR dip and the magnetic field gradients near the
domain walls [39].

IV. SKYRMION BUBBLE PINNING
DYNAMICS

The high resolution of the NV center scanning micro-
scope allows for the study of the microscopic structure
of these bubble domains [26, 27]. For example, contour
images of domain wall position show the effects of pin-
ning sites on skyrmion shape (Fig. 3a), which induce
both a static deformation of the skyrmion as well as a
dynamic instability. Figures 2c-d and the higher resolu-
tion contour images in Fig. 3a-g show irregularly shaped
skyrmions, whose dramatic deviation from a disorder-
free, circular shape is consistent with previously reported
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FIG. 3. Domain wall fluctuations and evolution with Bext imaged by NV center microscopy. (a) 2.870 GHz contour images
of a skyrmion bubble, each labeled by the corresponding Bext applied during that scan. As Bext increases, a section of the
domain wall evolves into a bistable configuration, seen most clearly in the (d) and (e) scans with 6.5 and 7.0 Oe. The scale
bar for (a)-(g) is shown in (a). (h) 2.870 GHz contour images of another skyrmion bubble taken at Bext = 7.0 G. (i)-(m) NV
center ESR spectra taken with the NV fixed at the location indicated by the red dot, each labeled by Bext. The mulitple pairs
of ESR splittings in each spectrum correspond to different positions of the domain wall.

NV-microscopy images of a similar thin film magnetic
multilayer [29]. The effect of pinning sites is also mani-
fest in the evolution of skyrmion size and shape with mag-
netic field, as shown in Fig. 3. When Bext is increased
from 5 to 7.5 Oe the skyrmion shrinks, as seen by com-
paring Fig. 3a and 3f and as predicted by micromagnetic
theory [40]. Interestingly, however, this process does not
happen smoothly but rather discontinuously: at interme-
diate fields in the range of Bext = 6.0–7.5 Oe, the images
in Fig. 3b-e show domain wall contours corresponding
to both the larger and smaller diameter skyrmion. As
the field is increased, the contrast of the larger diame-
ter contour progressively decreases while the contrast of
the smaller diameter contour increases. This behavior is
explained by the domain wall hopping back and forth in
time between two stable positions, progressively spending
a larger fraction of its time in a smaller diameter config-
uration as the field is increased. Hopping that occurs on
a timescale faster than the NV measurement leads to a
reduction in the contrast of the contours because the NV
fluorescence signal is averaged over its bright and dark
states as the fluctuating field produced by the hopping
domain wall brings the applied microwaves on and off
resonance with the NV ESR transitions. Thus, although
our measurement is too slow to detect the telegraph na-
ture of the domain wall hopping in real time, we can
detect time-averaged signatures of the dynamics through
changes in contour contrast.

We can confirm the time-averaged behavior of the do-
main wall fluctuations by fixing the NV at a location near
a fluctuating domain wall while recording the ESR spec-
trum, as shown in Fig. 3i-m. The position of the NV is
indicated by the red dot in Fig. 3h. In the spectrum,

the hopping of the domain wall appears as two dominant
ESR splittings that emerge as the magnetic field is swept
through the skyrmion phase. When the domain wall is
near the NV, the ESR splitting is largest, given by the
outer two ESR dips. The existence of other ESR dips
in the spectra in Fig. 3 implies that the domain wall
spends some time at another position, seen as the faint
contour line cutting across the middle of the bubble in
Fig. 3h. Qualitatively, the evolution of the contrast ratio
between different pairs of dips in the ESR spectrum or
equivalently, between domain wall branches in the con-
tour images, gives an indication of the relative time spent
in different domain wall states. As Bext is increased, the
outer pair of ESR dips grows fainter as the domain wall
evolves from spending more time in the larger skyrmion
diameter configuration (near the NV) to spending more
time in the small diameter configuration. At Bext = 8.5
Oe, the skyrmion bubble is no longer stable and the ESR
splitting is given by the NV-axis projection of Bext.

Importantly, our NV imaging technique allows us to
glean quantitative information about the time scale of the
domain wall dynamics. We estimate the average hopping
rate, χ, of the domain wall in Fig 3h to lie in the range
of tens of Hz to tens of MHz by making the following two
observations. First, telegraph switching of the NV fluo-
rescence rate was not observed on time scales slower than
0.01 seconds, putting a lower bound on χ. In this exper-
iment, we could not explore faster time scales because of
insufficient signal to noise ratio for smaller measurement
time bins. An upper limit on the characteristic hopping
frequency can be set by treating the domain wall posi-
tion between the two pinning sites as a quasi-1D system
and assuming that the dynamics is governed by an Ar-
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FIG. 4. Enhanced magnetic fluctuations near skyrmion do-
main walls (a) Spatial map of the magnetic field along the
NV axis. The external field, Bext = 9.5 Oe, is normal to the
film plane. (b) NV ESR width averaged over both ESR dips,
showing enhanced mangetic fluctuations at the skyrmion do-
main wall.

rhenius type thermal activation of hopping between two
sites [41], where the number of domain wall jumps in
a given time is described by a Poisson process. In this
case, the NV ESR spectrum is expected to take two dif-
ferent forms, displaying either a single resonance line or
a split pair of resonance lines for each spin transition,
depending on the characteristic rate of domain wall hop-
ping χ and the corresponding spectral shift of the NV
ESR dip. Focusing on one NV spin transition, for ex-
ample ms = 0 → −1, the spectral shift can be written
as ∆fESR = fDW2 − fDW1, where fDW1 and fDW2 are
the NV resonance frequencies corresponding to the two
domain wall positions. In the limit ∆fESR > χ, distinct
resonances will be observed at fDW1 and fDW2, whereas
in the limit ∆fESR < χ, an effect similar to motional
narrowing will give a spectrum with a single resonance
at (fDW2 + fDW1)/2 if, on-average, an equal amount of
time is spent in both domain wall positions [42, 43]. The

distinct ESR lines shown in Fig. 3i indicate that the
first limit applies and that the characteristic frequency
of the observed domain wall hopping is limited to χ < 20
MHz. This reasoning can also be applied to other ob-
served bistable skyrmion bubble walls, for example those
shown in Fig. 3c-e. Assuming that these domain wall
branchings are due to a similar hopping mechanism ob-
served in Fig. 3h and 3i, the fact that two domain wall
positions are observed in Fig. 3c-e can be used to place
a rough limit on the timescale of those domain wall dy-
namics as well.

In addition to large jumps of domain wall position that
produce a discrete set of ESR splittings, we also observe
magnetic fluctuations that broaden the NV spin transi-
tions when the NV is positioned near domain walls. Fig.
4b shows a spatial map of the average ESR width with
corresponding stray field measurement in Fig. 4a. Figure
4b shows that magnetic fluctuations are enhanced near
the skyrmion bubble walls, even in the absence of the
clear bistabilities seen in Fig 3. We note that this broad-
ening is not due to fluctuations in the NV-domain wall
distance in regions of high magnetic fields gradient, as it
is not observed near other sharp magnetic features not
associated with bubble domain walls [35]. The emergence
of these enhanced fluctuations near domain walls is not
well understood and can be interpreted in a few ways.
It could imply the existence of small fluctuations in the
position of all domain walls, driven thermally or magnet-
ically [44], possibly by the applied microwaves or laser
light [45]. Alternatively, the spatial dependence seen in
Fig. 4b could be the result of amplification or concentra-
tion of magnetic noise sources, such as spin waves, near
the domain walls [46, 47]. We note that the increase in
magnetic noise at the bottom of Fig. 4b is due to fluctu-
ations of another bubble skyrmion whose dominant do-
main wall position is not seen in Fig. 4a [35].

We have also observed switching dynamics between
a bubble skyrmion state and a saturated ferromagnetic
state, with a time scale slow enough to be observed in real
time with the NV center. Figure 5a shows a skyrmion
bubble contour (Bext = 9.2) that becomes unstable as
the field is increased to 9.5 G, as seen in Figs. 5b-c.
Figure 5b shows a decrease in contour contrast due to
switching between the bubble state and saturated ferro-
magnetic state. The switching dynamics can be directly
observed as telegraph noise in the NV fluorescence time
trace shown in Fig. 5c, obtained by fixing both the NV lo-
cation (red dot in 5b) and the microwave frequency. High
fluorescence corresponds to the ferromagnetic state and
low fluorescence corresponds to the bubble state. The
characteristic switching frequency can be extracted from
the distributions of dwell times in each state. From a 30
second fluorescence trace, a characteristic switching fre-
quency of 14 Hz is measured for both directions of state
switching, implying that the energy of the two states is
approximately equal at the applied field of Bext = 9.5 G.
The switching frequency is ultimately determined by the
energy barrier between the bubble and saturated mag-
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FIG. 5. Telegraph switching of the NV fluorescence signal in
the presence of a skyrmion bubble switching between a bubble
and a saturated state. (a) 2.870 GHz contour image of the
skyrmion bubble shown in Fig. 4 taken at Bext = 9.2 G.
(b) 2.870 GHz contour image of the skyrmion bubble shown
in Fig. 4 taken at Bext = 9.5 G. As the field is increased,
the bubble state becomes unstable and switching between the
saturated and bubbles sates is observed as a decrease in the
NV ESR contrast. (C) The ESR signal when fixing the NV
position at the location indicated by the red dot in (b) with
Bext = 9.5 G. (d) The NV fluorescence collected in 5 msec
bins when fixing the NV location at the position indicated by
the red dot in (b), and fixing the drive microwave frequency at
2.871 GHz (the frequency indicated by the dashed red line in
(c)). A characteristic hopping frequency of 14 Hz is measured
over the full 30 second measurement window.

netic states. These energy barriers have been estimated
previously for DMI-stabilized thin-film skyrmions [48],
and the process of skyrmion collapse to a helical state
has been explored in a bulk skrmion system [49]. In the
present case, the bubble is dipole stabilized and the en-
ergy barrier can be estimated by a cylindrical bubble
domain model [50]. Using an Arrhenius description of
the switching, f = f0exp(−EB/kBT ), where EB ' 240
meV is the energy barrier in the bubble domain model,
T = 298 K, f = 14 Hz is the characteristic switching
frequency, the attempt frequency f0 is determined to be
'0.35 MHz. We note, however, that local material vari-
ations may alter the energy barrier.

V. SKYRMION BUBBLE STRUCTURE

The magnetic structure of skyrmions has important
implications for the viability and design of skyrmion-
based devices because the structure determines impor-
tant parameters of current-driven skyrmion motion, such
as the skyrmion Hall angle and velocity [14, 51–53]. How-
ever, probing the structure of skyrmion bubble is difficult
due to the required nanometer-scale resolution. While
many techniques can be used to determine domain wall
structure in principle, there are few examples of probes
that are local, non-invasive, and capable of studying a
wide range of skyrmion materials. Recent NV imaging
studies of magnetic thin films have established scanning
NV microscopy as a useful probe of magnetic structure
with all these features [26, 27, 34, 54]. Starting from
a map of the NV-axis stray field (Fig. 6a), a partial
reconstruction of the magnetization structure is possi-
ble but requires knowledge of several material parame-
ters, careful calibration of the NV scan height, and some
structure assumptions based on micromagnetic theory.
In this work, we determine all relevant materials param-
eters, leaving free only the absolute value of the domain
wall helicity angle |ψh|. The helicity angle sets the ro-
tation direction of magnetization through a cross-section
of the domain wall— here defined relative to the com-
mon domain wall types as |ψh| = 0, π/2, and π for right-
handed Néel, Bloch, and left-handed Néel respectively.
With this approach we can use the local, nanoscale na-
ture of the NV probe to search for variations in the he-
licity angle magnitude along the skyrmion domain wall,
which allows us to check for a fixed chirality of individual
bubbles.

We start by assigning a polarity to regions of the BNV

map separated by zero-field contours. The polarity direc-
tion is determined by the direction of the applied external
field. This signed field map can in turn be used to cal-
culate the full vector components of the stray magnetic
field [26, 33]. The z component of B (where ẑ is normal
to the sample) at the sample surface can be extrapolated
and used to estimate the domain wall position [35]. The
magnetization pattern M is then fully determined by the
domain wall width ∆DW , saturation magnetization Ms,
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FIG. 6. Reconstruction of helicity angle. (a) Linecuts at various angles φ across a magnetic bubble, comparing the measured
magnetic field shown in Fig. 4a to the simulated field for four domain wall types— right-handed Néel, Bloch, left-handed Néel,
and a domain wall with |ψh| = 58◦. The NV height is calibrated to be 58±5 nm using the method described in [35]. The NV
angle relative to the film normal is measured as 60◦ ± 4◦ using an external field aligned along the film normal. The in-plane
NV angle is extracted from the BNV bubble image by finding the direction of maximum field gradient at the domain wall and
is 16◦ ± 2◦ relative to the image x-axis. (b) The simulated magnetic field along the NV axis for the best fit helicity angle
58◦. (c) Schematic of the magnetization of a skyrmion bubble with a fixed helicity angle |ψh| = 58◦, viewed from above. The
magnetization transitions from pointing upward outside the bubble (red) to pointing downward inside (blue) with a rotation
direction between that of Bloch and Néel-type domain walls.

and helicity angle magnitude |ψh|.

For NV-sample separations larger than ∆DW , a direct
measurement of ∆DW is difficult and ∆DW must be in-
ferred from measurements of other parameters. Three
parameters are required— Ms, PMA energy density
Keff , and domain wall energy density γDW . The do-

main wall width is given by ∆DW =
√
Aex/Keff [55, 56],

corresponding to a magnetization profile across the do-
main wall Mz = Mstanh(x/∆DW ). First Ms = 6.6× 105

A/m and Keff = 8.3 × 103 J/m3 are measured with a
SQUID magnetometer. The uncertainty in these param-
eters is dominated by the unknown magnetic dead-layer

thickness [35]. The domain wall energy density can be
estimated from the period of the stripe spacing in the
NV stripe-phase images, or calculated more directly by
comparing the demagnetization energy and total domain
wall length in the image area. The exchange stiffness is
then calculated from γDW = 4

√
AexKeff − π|D| = 1.3

mJ/m3, where D = 47 µJ/m2 is the DMI energy density
determined from Brillouin light scattering (BLS) mea-
surements [35, 36]. These values give a domain wall width
∆DW = 33 nm. Armed with these parameters, we can
compare the expected stray field for a given helicity mag-
nitude to that measured with the scanning NV center.
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Figure 6b shows the best-fit simulated stray field cor-
responding to the measurement stray field in Fig. 4a.
The best-fit helicity angle magnitude, |ψh| = 58◦ is de-
termined by minimizing the RMS error between the mea-
sured and simulated stray field, as a function of |ψh|, in a
1.4 µm box centered on the bubble. Values obtained for
other skyrmions include |ψh| = 72◦ and 75◦ [35]. To al-
low for the possibility that the helicity angle can change
locally along the bubble domain wall, it is instructive to
compare the simulated stray field as a function of posi-
tion along the domain wall. In Fig. 6a, linecuts across
the measured and simulated field images are shown as
a function of cut angle and helicity type. The skyrmion
bubbles in this material consistently show a right-handed
helicity angle. A constant right-handed helicity is con-
sistent with a non-zero winding number, but it is impor-
tant to note that uncertainties in sample thickness and
NV height will change the measured helicity angle mag-
nitude. The right-handed helicity observed here agrees
with BLS measurements of D, but micromagnetic theory
gives a smaller magnitude helicity angle based on the
bulk material parameters and the measured D [35]. This
discrepancy between a bulk calculation and local mea-
surements of the helicity angle may come from spatial
fluctuations in the material parameters [17]. For exam-
ple, we observe variations in the stray field measured in
the saturated magnetic state (Fig. S13), which we at-
tribute to variations in the parameter Is = Mst. The
domain wall energy density is lowered in areas where the
film is thicker or Ms is larger, and the domain walls will
likely be pinned in these areas. Since the helicity angle
depends on Ms and t this effect will lead to a different
helicity angle calculated from bulk measurements of Ms,
t, and D and the helicity angle measured locally at the
domain walls.

VI. DISCUSSION AND FUTURE NV STUDIES
OF SKYRMIONS

This work extends recently developed scanning NV mi-
croscopy techniques used to study multilayer skyrmion
materials. Specifically, we have demonstrated that NV
microscopy can simultaneously locally probe both mag-
netic structure and dynamics. As shown in similar thin
film systems [29], pinning and disorder are important
factors in determining static skyrmion bubble sizes in
Ta/CoFeB/MgO. We have shown that these sizes are de-
termined dynamically, via hopping of skymion bubble do-
main walls between pinning sites. We have also probed
the dynamics of these hopping processes and we’ve ob-
served increased magnetic fluctuations near skyrmion
bubble domain walls. Our measurements confirm the
right-handed helicity of the DM interaction in this spe-
cific material structure and we have measured helicity
angle magnitudes in a range |ψh| = 58◦ − 75◦.

Our images highlight the importance of pinning inter-
actions between defects and the internal degrees of free-

dom of skyrmion bubbles. As shown previously [9], stan-
dard defect-agnostic micromagnetic models of skyrmion
motion break down when material inhomogeneities ex-
ist on length scales smaller than the skyrmion size. In
this work, we experimentally observe the interaction of
skyrmion bubbles with these inhomogeneities. This indi-
cates that the behavior of future devices based on the
skyrmion bubbles in this material, or similar materi-
als, will be determined by pinning interactions. Specfi-
cally, these pinning sites will likely determine the current-
driven velocity and trajectory of skyrmion motion [9, 53].
For use in future devices, skyrmions with smaller diame-
ters are desired [13] and aspects of the pinning dynamics
investigated here may change as the skyrmion diameter
decreases or the DMI strength is increased. However, as
the development of multilayer skyrmion material contin-
ues, measurements similar to those demonstrated here
will provide powerful techniques for the characterization
of nanometer-scale skyrmions.

Inspired by this work, a more thorough study of the
fluctuation dynamics observed here is a promising di-
rection for future NV-based skyrmion experiments. NV
noise spectroscopy has been developed as a powerful tool
for obtaining information about the dynamics of noise
processes in materials [31, 39, 57–60]. In the future,
NV noise spectroscopy could be utilized to study ther-
mal fluctuation dynamics, which are thought to play an
important role in the current driven motion of skrymions
[61].
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[20] M. Baćani, M. A. Marioni, J. Schwenk, and H. J. Hug,
“How to measure the local Dzyaloshinskii Moriya In-
teraction in Skyrmion Thin Film Multilayers,” arXiv ,
1611.00673 (2016).

[21] J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang,
D. Budker, P. R. Hemmer, A. Yacoby, R. Walsworth,
and M. D. Lukin, “High-sensitivity diamond magnetome-
ter with nanoscale resolution,” Nature Physics 4, 810–816
(2008).

[22] C. L. Degen, “Scanning magnetic field microscope with
a diamond single-spin sensor,” Applied Physics Letters
92, 243111 (2008).

[23] Gopalakrishnan Balasubramanian, I. Y. Chan, Roman
Kolesov, Mohannad Al-Hmoud, Julia Tisler, Chang Shin,
Changdong Kim, Aleksander Wojcik, Philip R. Hem-
mer, Anke Krueger, Tobias Hanke, Alfred Leitenstorfer,
Rudolf Bratschitsch, Fedor Jelezko, and Jörg Wrachtrup,



10

“Nanoscale imaging magnetometry with diamond spins
under ambient conditions,” Nature 455, 648–651 (2008).

[24] P Maletinsky, S Hong, M S Grinolds, B Hausmann, M D
Lukin, R L Walsworth, M Loncar, and A Yacoby, “A
robust scanning diamond sensor for nanoscale imaging
with single nitrogen-vacancy centres,” Nature Nanotech-
nology 7, 320–324 (2012).

[25] L Rondin, J. P. Tetienne, S Rohart, A Thiaville,
T Hingant, P Spinicelli, J. F. Roch, and V Jacques,
“Stray-field imaging of magnetic vortices with a sin-
gle diamond spin,” Nature Communications 4 (2013),
10.1038/ncomms3279.

[26] Y. Dovzhenko, F. Casola, S. Schlotter, T. X. Zhou,
F. Büttner, R. L. Walsworth, G. S. D. Beach, and
A. Yacoby, “Magnetostatic twists in room-temperature
skyrmions explored by nitrogen-vacancy center spin tex-
ture reconstruction,” Nature Communications 9, 2712
(2018).

[27] I. Gross, L. J. Mart́ınez, J.-P. Tetienne, T. Hingant,
J.-F. Roch, K. Garcia, R. Soucaille, J. P. Adam, J.-V.
Kim, S. Rohart, A. Thiaville, J. Torrejon, M. Hayashi,
and V. Jacques, “Direct measurement of interfacial
Dzyaloshinskii-Moriya interaction in X—CoFeB—MgO
heterostructures with a scanning NV magnetometer
(X=Ta, TaN, and W),” Physical Review B 94, 064413
(2016).

[28] Matthew Pelliccione, Alec Jenkins, Preeti
Ovartchaiyapong, Christopher Reetz, Eve Emmanouili-
dou, Ni Ni, and Ania C Bleszynski Jayich, “Scanned
probe imaging of nanoscale magnetism at cryogenic tem-
peratures with a single-spin quantum sensor,” Nature
Nanotechnology 11, 700–705 (2016).

[29] I. Gross, W. Akhtar, A. Hrabec, J. Sampaio, L. J.
Mart́ınez, S. Chouaieb, B. J. Shields, P. Maletinsky,
A. Thiaville, S. Rohart, and V. Jacques, “Skyrmion mor-
phology in ultrathin magnetic films,” Physical Review
Materials 024406, 1–6 (2018).
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A. Vepsäläinen, W. C. Chien, J. Tuorila, M. A. Sillanpää,
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