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Imaging magnetic spiral phases, skyrmion
clusters, and skyrmion displacements at
the surface of bulk Cu,0SeO;
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Surfaces - by breaking bulk symmetries, introducing roughness, or hosting defects — can significantly
influence magnetic order in magnetic materials. Determining their effect on the complex nanometer-
scale phases present in certain non-centrosymmetric magnets is an outstanding problem requiring
high-resolution magnetic microscopy. Here, we use scanning SQUID microscopy to image the surface
of bulk Cu,0SeO; at low temperature and in a magnetic field applied along (100). Real-space maps
measured as a function of applied field reveal the microscopic structure of the magnetic phases and
their transitions. In low applied field, we observe a magnetic texture consistent with an in-plane stripe
phase, pointing to the existence of a distinct surface state. In the low-temperature skyrmion phase, the
surface is populated by clusters of disordered skyrmions, which emerge from rupturing domains of the
tilted spiral phase. Furthermore, we displace individual skyrmions from their pinning sites by applying
an electric potential to the scanning probe, thereby demonstrating local skyrmion control at the

surface of a magnetoelectric insulator.

Surfaces have a profound impact on a number of physical phenomena by
breaking the uniformity of the bulk and introducing the complexity
associated with boundaries, asymmetry, and imperfection. Because they
form a material’s interface with its environment, they often determine the
nature of this interaction. In magnetic materials, the magnetic order at the
surface—especially in devices used for high-density information storage
or processing—determines performance and functionality. This notion
also applies to magnetic skyrmions'. Despite being found in only a few
materials meeting special symmetry requirements’, over the last 15 years,
these discrete nanometer-scale magnetization configurations have capti-
vated the attention of researchers, because of their non-trivial topology,
nanometer-scale size, and the possibility of electrically manipulating
them. All of these properties make skyrmions promising for information
storage and processing applications™. As a result, researchers have
extensively studied the magnetic behavior of skyrmion-hosting materials
both in bulk and low-dimensional forms via a variety of techniques.
Although it is known that the surface of such materials can exhibit

change upon encountering the surface remain scarce. Likewise, micro-
scopy of the surface of bulk materials, which can yield otherwise inac-
cessible information on underlying microscopic configurations and
domain structure, is in short supply.

Among skyrmion-hosting materials, the insulating cubic helimagnet
Cu,08e0; is of particular interest because of its magnetoelectric coupling,
which allows the control of skyrmions via electric fields. Unlike control via
electric current, which dissipates energy through Joule heating, control via
electric fields can be carried out with negligible losses, which—in principle—
allows for low-power device design. A number of experiments have
exploited the coupling of an external electric field with the emergent electric
polarization in multiferroic materials to tune the relative energies of com-
peting magnetic configurations. In this way, for example, electric field has
been used to rotate' or even create'*” the skyrmion lattice phase in
Cu,0Se0;. Although Mochizuki and Watanabe proposed a scheme for
locally creating individual skyrmions in thin multiferroic films using a
charged tip”, such control has only been demonstrated in epitaxial ferro-

magnetic order not present in the bulk™"*, studies of how magnetic phases  magnetic films via scanning tunneling microscopy***.
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In addition to magnetic skyrmions, Cu,0SeO; also hosts other peri-
odically modulated magnetic phases. Like in other non-centrosymmetric
cubic crystals, such as MnSi, Mn; _,Co,Si, MnGe, and FeGe, the lack of
inversion symmetry induces an antisymmetric exchange interaction known
as the Dzyaloshinskii-Moriya interaction (DMI), which is proportional to
the spin-orbit coupling. This interaction and a common hierarchy of
magnetic energy scales in these materials result in a similar set of modulated
magnetic phases, including helical (H) and skyrmion lattice phases, and the
corresponding transitions between them. Cu,OSeOs, however, deviates
from this universal behavior, exhibiting a tilted spiral (TS) phase and a low-
temperature skyrmion (LTS) phase, arising from the competition between
anisotropic magnetic interactions. These states appear only under magnetic
fields applied along (100), highlighting the role of cubic magnetocrystalline
anisotropy and anisotropic exchange interaction for their stabilization”*” .
Until now, observations of these phases have been based on small angle
neutron scattering (SANS), as well as measurements of magnetization and
susceptibility”™". Although these techniques provide a wealth of informa-
tion on the magnetic phases in the bulk, they do not yield their real-space
configuration or their properties near the surface. In particular, the
nucleation and structure of the LTS phase remain open questions™. Real-
space imaging at low-temperature with field applied along (100) has only
been carried out via Lorentz transmission electron microscopy on a thin
lamella of Cu,0OSeOs, whose reduced dimensionality and milling by focused
ion beam alter intrinsic properties. The surface of bulk Cu,0SeO; has been
imaged via magnetic force microscopy (MFM) in the high-temperature
skyrmion phase™ and at low temperatures for applied fields close to the
(110) axis, where the TS and LTS phases are not present™.

Here, as shown schematically in Fig. 1, we image the stray magnetic
field at the surface of bulk Cu,OSeO; at low temperature and with a mag-
netic field applied along (100). We use nanometer-scale scanning super-
conducting quantum interference device (SQUID) microscopy (SSM) to
map the real-space configuration of the TS and LTS phases. Images taken as
a function of applied magnetic field capture how the transitions between
these states unfold, including the rupture of TS domains into clusters of
skyrmions and the coexistence of field-polarized (FP), TS, and LTS
domains. In low magnetic fields, high-resolution MFM reveals the transition
from the conical (C) phase to the multi-domain H phase. In this regime, we
also observe patterns consistent with in-plane magnetic stripes, which—
because of their absence in bulk measurements—may constitute a distinct
surface state. Finally, images of the LTS phase reveal clusters of disordered
skyrmions dominated by random pinning. By applying a localized electric
field between the SQUID-on-tip probe and the sample, we displace sky-
rmions along the surface from one pinning site to another. Understanding
this mechanism and the role of pinning or quenched disorder at the surface

of skyrmion hosting materials is crucial for any applications relying on their
manipulation™.

Results

Low-temperature magnetic phases

We map the stray magnetic field just above the (001) surface of a Cu,0SeO;
crystal at 5K (see Supplementary Note 1). Specifically, we measure the
component of the field perpendicular to the surface, B,. By oscillating the
probe along the y-axis, we also measure B2 o dB, /dy, which offers a higher
spatial resolution and magnetic sensitivity (see Methods). Maps of both
B.(x, y) and B:°(x, y) measured at this location show the progression of
magnetic states present at the surface as a function of magnetic field H
applied along [001] and are representative of images taken at various
positions on the surface of this, as well as of a second crystal.

Figure 2 shows a set of B:°(x, y) images as the sample is taken from one
FP phase to the other across zero field. After cooling the sample in the
absence of an applied field (zero-field cooling), we apply yoH =300 mT to
reach the FP phase. We then ramp the field down to yoH = 136 mT. Until
this field, only the faint magnetic features shown in Fig. 2a are visible. We
attribute these fluctuations in B to the FP phase encountering surface
roughness, because their small amplitude and lateral extent match features
observed in atomic force microscopy images of the sample surface (see
Supplementary Note 1).

At 130 mT, a few ribbon-like features emerge, expanding as H is further
reduced. The measured stray-field patterns indicate that, within these
domains, the magnetization is modulated with a period of about 130 nm
propagating perpendicular to their long axis. Furthermore, as is visible at
124 mT, curling finger-like features are observed at the extrema of many of
these domains. Reducing H, these elongated features expand, progressively
populating the FP background until just below 106 mT, where the modu-
lated phase subsumes the last FP regions. From yoH =104 to 74 mT, the
modulations fill the entire scanning window and propagate nearly along
[110], suggesting a complete transition to a single-domain TS phase*”. This
phase should have a modulation period given by the wavelength of the
intrinsic helimagnetic order in Cu,0SeO3, A = 62 nm™, and its propagation
vector should point between [111] and the applied field direction [001],
tilting towards the field as it is decreased”. The observed modulation, which
propagates approximately along [110] and whose period increases from 130
to 150 nm as a function of decreasing H, is consistent with the expected
surface projection of the TS phase™.

Around 70 mT, the stray field modulations indicative of the TS phase
become unstable, changing over the time-scale of an individual image (tens
of minutes), as in Fig. 2h. Below this field, maps of B3°(x, y) stabilize and
appear more complex than the single-frequency sinusoidal modulation

Fig. 1 | Illustrative summary. a Representation of a
the bulk magnetization configuration of a helical or
conical phase slightly misaligned with the surface
and the corresponding measured stray-field of sur-
face stripes. b Representation of the bulk magneti-
zation and measured stray-field image of a tilted
spiral phase. ¢ Representation of the bulk magneti-
zation and measured stray-field of a low-
temperature skyrmion phase. d Illustration of stray-
field imaging with a SQUID-on-tip. e Illustration of
skyrmion displacement by a charged SQUID-on-tip.
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Fig. 2 | SSM of magnetic phases at the surface of Cu,0SeO;. a-s Images of B2 at T = 5 K and in magnetic fields oH applied along [001], as indicated in the bottom left of

each image.

observed at higher fields. Nevertheless, the dominant spatial period con-
tinues to increase as H is reduced through zero and into reverse fields. As
discussed in the next sections, these stray-field features appear to be a surface
state related to the C and out-of-plane H phases expected in the bulk in this
field range. They also resemble what was observed by Milde et al. via MFM at
the surface of another Cu,08eO5 sample in the C phase™.

At -80 mT, the system again appears unstable on the time-scale of an
individual image, indicating another nearby phase transition. In fact, at
-85 mT, a modulation with a single spatial frequency abruptly reappears
throughout the scanning area. Upon increasing the reverse field, the

BX(x, y) patterns mirror the behavior in forward applied field, with the
modulation period shortening as a function of increasing reverse field up to
-110 mT. Once again, this behavior is consistent with the surface projection
of a TS phase, whose propagation vector tilts away from the applied field
direction and towards [111] as a function of increasing field magnitude.
At -110 mT, thin regions of uniform contrast, consistent with the FP
phase, begin to emerge within the modulated phase. As the TS phase breaks
up and makes space for the FP phase, finger-like features reappear where the
modulated domains fragment. At —125 mT, this fragmentation results in
domains of FP, TS, and patterns consistent with disordered clusters of
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Fig. 3 | Tilted spiral phase at the surface of Cu,0SeQO;. a, b Images of B,(x, y) at
T'=5 K under indicated magnetic fields applied along [001]. ¢, d Fast Fourier
transforms of images (a) and (b), respectively. e Extracted tilt angles 6 and ¢ as a

function of the applied magnetic field. f, g Illustration of the magnetization in the TS
phase from the side and top of the crystal, respectively, with tilt angles § and ¢, and
the modulation wavelength A,,,, represented.

skyrmions within a FP background. The dipolar patterns in B3*(x, y) as well
as the corresponding bright spots in B,(x, y) (see Supplementary Note 3)
represent the reduction in |B,| caused by isolated configurations, whose core
magnetization opposes the surrounding FP phase. The profiles are con-
sistent with what is expected for disordered clusters of skyrmions, although
we cannot distinguish whether they are Néel- or Bloch-type. TS domains
gradually break up between —125 and -134 mT, leaving in their wake a LTS
phase consisting of clusters of skyrmions in an FP background. Further
application of reverse field results in a reduction in the density of the sky-
rmions. Finally, at 142 mT, the last few skyrmions are visible before being
subsumed in a uniform FP background at higher reverse fields.

Tilted spiral phase

We next compare the modulated phase appearing between yoH = 104 and
74 mT and again between -85 and 110 mT with the contrast expected from
a TS phase intersecting the surface. For a TS phase propagating along the
direction defined by the angle 6 from the applied field direction and ¢ from
7, as shown in Fig. 3f, g, periodic magnetic features should appear on the
surface with a modulation wavelength 1,, = A/ sin 6. By taking the two-
dimensional fast Fourier transforms of B,(x, y), as shown in Fig. 3a-d, we
extract 6 and ¢ for each value of the applied field. As the field decreases from
104 to 74 mT, A,, lengthens from 108 to 137 nm, corresponding to 6 tilting
towards the field direction. The dependence 6(H), plotted in Fig. 3e, is
similar to that of the TS phase measured by Chacon et al. via SANS in
another Cu,0SeOj; sample™. At the same time, ¢ also changes, shifting from
15 to 10° with respect to . This non-zero starting value for ¢ and its
dependence on H is likely due to the small misalignments of [110] with y and
of the applied field direction with Zz. As a result, the plane in which the TS
propagation vector rotates, which is spanned by [111] and the field direction,
is slightly tilted with respect to the yz-plane. Overall, the behavior of the
uniformly modulated phase both in forward and reverse applied field is
consistent with what is expected from a projection of the TS phase on the
surface.

Low-field phases and surface state

As the field is decreased below 72 mT, B,(x, y) maps begin to show a more
complex periodic pattern, shown in Fig. 4. Fourier analysis reveals the
appearance of a second spatial harmonic. Despite this additional com-
plexity, which may be the signature of a stripe state stabilized at the surface,
the dominant spatial period A,, continues to increase as the applied field is

reduced to zero and into reverse field. Both 6(H) and ¢(H), plotted in Fig. 4k,
1, continue to reflect a gradual tilting of the magnetic order’s propagation
vector towards the applied field direction. This behavior is consistent with a
TS phase, whose propagation vector is gradually aligning with an applied
field that is slightly misaligned with the surface normal z. Such a reor-
ientation represents the transition from the TS to the C phase. Near zero
field, 0 settles around 2, while ¢ approaches 30" in reverse field. In this low-
field regime, below about 40 mT, the C phase becomes an out-of-plane H
phase, whose propagation direction is aligned along [001]. 6~ 2" is con-
sistent with the possible misalignment of the polished surface from (001). In
reverse field, the discontinuities in 8(H) and ¢(H) at poH = —80 mT cor-
respond to the sudden reappearance of the single-frequency TS phase with
0~ 30 in reverse field. This asymmetry in applied field dependence reflects
the strong hysteresis in the sample’s magnetic behavior.

To characterize the microscopic magnetic states in the bulk, we carry
out SANS measurements on the same sample studied by SSM using the
same temperature and field protocol (see Supplementary Note 4). The results
are consistent with the interpretation of the SSM images: SANS patterns
show scattering intensity corresponding to the TS phase below 100 mT,
which gradually reduces its tilt angle and gives way to a C phase below
50 mT. This field corresponds to the region in the SSM measurement where
0 < 5, as shown Fig. 4k, and the propagation direction is nearly aligned to the
applied field and [001]. As the field is further reduced, below 20 mT and
down to -40 mT, SANS contrast points to the presence of a multi-domain H
phase with propagation directions along the three (100) directions.

Although no evidence of in-plane H phases is present in our SSM
measurements, they do appear in additional high-resolution magnetic
imaging by MFM using a magnet-tipped nanowire (NW) as the scanning
probe™ . Such probes are ideal for imaging weak magnetic field patterns on
the nanometer-scale*’, because of their tiny magnetic tips, which are grown
by focused-electron-beam-induced deposition of Co, and because of the
NW’s high-force sensitivity. Images of NW frequency shift Af(x, y), which is
proportional to a combination of spatial derivatives of the sample’s in-plane
stray field B, ,(x, y) (see Methods), are shown in Fig. 5. Below applied fields
of 70 mT, Af(x, y) maps exhibit patterns of the same form and characteristic
length scale as those observed via SSM. As discussed, these regions appear to
be a surface manifestation of the C and out-of-plane H phases, whose
propagation directions are slightly misaligned from the surface normal.
Between 25 mT and -40 mT, however, Af(x, y) images also show the
appearance and growth of new domains, as shown in Fig. 5a-d.

Communications Materials | (2024)5:202


www.nature.com/commsmat

https://doi.org/10.1038/s43246-024-00647-5

Article

-1.5 1.5

[110]

[010]
[001]

a B,(mT) M | b B, (mT) -: c B (mT) -:I

-100 -50 0 50 100
HolH (mT)
Fig. 4 | Imaging magnetic modulation at the surface of Cu,0SeOj; in low
applied field. a Images of B, at yoH = 72 mT, (b) 58 mT and (c) 42 mT applied along
[001]. d, e FFT of images (b) and (c), respectively. f-j Images of B, at yoH =22 mT,
10 mT, -4 mT, -25 mT, -50 mT. k, 1 Extracted tilt angles 6 and ¢ as a function of

-100 -50 0 50 100
HoH (mT)
applied field. Filled and open points correspond to fields at which FFT's show a

pattern with single-frequency (S-f) modulation or multi-frequency (M-f)
modulation.

[110]

[010]'4/'[100]

[001]

Af (kHz) — Af (kHz) — Af (kHz) m

-0.6 0.6
Af (kHz) —

Fig. 5| MFM using a magnet-tipped NW at the surface of Cu,0SeO;. a-d Images of Afat T = 5 K under indicated magnetic fields applied along [001]. e Inset of (d) showing

the helix modulation.

A high-resolution scan of these domains, shown in Fig. 5e, reveals the
presence of magnetic contrast consistent with in-plane H phases along [100]
and [010] with A,,, = A = 62 nm. The boundary between these two in-plane H
domains appears to consist of curvature walls”". Therefore, we conclude
that the images show the transition from a C to a multi-domain H phase,
consisting of large domains oriented nearly out-of-plane and smaller
domains of the two in-plane orientations. The absence of such multi-

domain features in our SSM images is likely due to the small number and
size of the areas that were investigated.

The appearance of the stripe-like pattern characterized by a second
spatial harmonic in the magnetic modulation below 72 mT, shown in Fig. 4,
may be the result of the broken symmetry at the surface. Although Rybakov
et al. postulated the presence of a stacked spin spiral phase at the surface of a
chiral magnet coexisting with the C phase in the bulk, its wavelength and
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Fig. 7 | Imaging magnetic skyrmions at the surface of Cu,0SeO;. a Image of B,
showing skyrmions. The faint patterns observed in the background are due to the
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¢ Skyrmion pair distribution function G,(r).

field dependence do not match our features’. The observed stray field
modulation is most consistent with the in-plane magnetic stripe state
described by Osorio et al.”, especially near zero applied field. This stripe
state is a distorted helical modulation consisting of long stretches of in-plane
magnetization interrupted by short out-of-plane magnetization rotations, as
illustrated in Fig. 6d. Figure 6 shows a comparison between the measured
stray fields near zero field and simulated stray fields due to such an idealized
stripe configuration, showing excellent agreement, especially compared to
other distorted helical states, such as the chiral soliton lattice™*. In addition,
we observe that as the field is swept from positive to negative, the pattern,
which is initially characterized by wide bright stripes and narrow dark
stripes, gradually transforms into a pattern of narrow bright stripes and
wide dark stripes, as shown in Fig. 4f-j. This behavior, combined with an
increase in the contrast between bright and dark, suggests that—in an out-
of-plane field—the in-plane stripes develop a small out-of-plane component
to their magnetization. Nevertheless, for a complete understanding of this
surface state, a detailed comparison to micromagnetic simulations should be
carried out, which is beyond the scope of this study.

Low-temperature skyrmion phase

The identification of the disordered clusters of skyrmions in the magnetic
images starting below -125 mT is consistent with an assosciated SANS
contrast measured in the same sample (see Supplementary Note 4).
Figure 2p shows that skyrmion clusters emerge in a FP background from
domains of the TS phase, which break up in an increasing reverse applied
field, along the lines of what was suggested by Leonov and Pappas™. The
tendency of skyrmion clusters to form along the [110] propagation direction
of the TS phase, evident in Fig. 7a, is likely a vestige of this process.

A map of the skyrmion positions extracted from the image in Fig. 7a is
shown in Fig. 7b. Based on the extracted skyrmion locations, we construct a
pair distribution function, G,(r), showing the probability of finding a sky-
rmion at a distance r from another skyrmion. G,(r) is plotted in Fig. 7c and
shows a distinct absence of both translational and orientational order (See
Supplementary Note 5). The lack of contrast for || < 100 nm is mostly the
result of the limited spatial resolution of our SSM probe (see Methods). Its
asymmetry reflects the formation of clusters roughly aligned along the y-
direction. The presence of disordered skyrmion phase is consistent with
expectation at low temperatures with a magnetic field applied along one of
the cubic axes”. SANS measurements of this sample also show a weak
circular signature, indicating an LTS phase with a strong disorder. In bulk
Cu,0Se0;, skyrmion lattices arrange with a spacing given by A =62 nm,
which is less than what our scanning probe can resolve. Were such lattices
to be present at the surface, they would appear like uniform blobs of
reverse field in the FP background. We observe no such features in the
LTS phase.

Skyrmion manipulation

In order to determine the stability of the observed skyrmion configurations,
images of the same region, which are shown in Fig. 8a, b, are taken in
succession: Blz’ef"re(x, y)and B;ﬁe‘ (x, ), with each 6 x 6 um image taking 6 h
to measure. The difference AB,(x, y) of two successive images, shown in
Fig. 8¢, highlights changes in the skyrmion configuration over time: where
no contrast appears, the configuration remains unchanged; where blue
contrast appears, a skyrmion has disappeared; and where red contrast
appears, a skyrmion has appeared. Note that all observed contrast above the
noise level has a dipolar character with red and blue lobes, indicating
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Fig. 8 | Manipulating skyrmions with a charged tip. a, b Images of B, taken
sequentially, showing a disordered array of skyrmions before and after. Red and blue
lines indicate paths along which the probe is scanned in close proximity to the
sample with Vi, applied. Images of AB, showing the difference in the stray field
pattern between two sequential images interrupted by: (c) no probe interaction
between images, (d) the probe scanned along the red line with Vi;, = —16V, (e) no

probe interaction after the latter interaction, (f) the probe scanned along the blue
line with Vi;, = —16 V, (g) the probe scanned along the blue line with V;, =0 V,and
(h) the probe scanned along the blue line with Vi;, = +16 V. Insets show the change
in the position of individual skyrmions extracted from the images. Blue points
correspond to the original skyrmion position, and red to the new position.

the displacement of a skyrmion between successive images from the blue to
the red position.
Figure 8c shows that between two successive images, during which only
time has passed and no system parameters have been changed, less than 10
near-surface skyrmions change position out of over 444 in the image with an
average displacement of 110 + 20 nm. These skyrmions are likely perturbed
from shallow pinning sites by thermal fluctuations and subsequently fall
into other nearby sites****. A few such rearrangements are caught during the
imaging process itself, in Figs. 7a, and 8a, b, resulting in the occasional
skyrmion appearing as a circular spot with a discontinuous cut along the y-
axis (fast scanning axis). Unlike MFM, whose magnetic tip produces a stray
field at the sample surface large enough to affect the local magnetic phase™,
the SQUID-on-tip probe produces negligible stray fields. Any interaction
between the scanning probe and the skyrmions is, therefore, the result of
differences in electric potential between the probe and the sample. The
resultant electric field may then act on the skyrmions via the sample’s

magnetoelectric coupling. To avoid any such interactions during imaging,
we raster at a large enough tip-sample distance (80-100 nm) such that no
probe-induced effects are observed. The highest stability configurations,
such as the one studied here, are found at larger H, closer to the transition to
the FP state. At lower fields, closer to the nucleation of the skyrmions and
their coexistence with both a FP background and TS domains, skyrmions
are observed to be less stable and more frequently hop between pinning sites.
Next, we exploit the magnetoelectric coupling in Cu,0SeO; to
manipulate individual skyrmions. By applying a voltage Vi, to the SQUID-
on-tip with respect to the sample, we induce a localized electric field beneath
the tip. We then scan this charged tip just above clusters of skyrmions to
interact with and displace individual skyrmions. We visualize the effect of
such interactions by plotting AB, of images taken before and after the
charged tip is scanned along a particular path. Figure 8d shows AB, of
images taken before and after scanning the charged tip along the red line ata
tip-sample distance of 40 nm and a rate of 50 nm s~ with Vg, = —16 V. 11
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dipolar patterns appearing near the top part of the tip’s path - highlighted in
the corresponding inset-indicate the displacement of skyrmions, by an
average of 120 + 30 nm. The clustering of these displacements near the top
part of the tip’s path is the result of a small tilt between the sample surface
and the tip path, resulting in a smaller tip-sample spacing by ~10 nm and
thus a larger applied electric field at the top compared to the bottom of the
path. Away from the interaction path, 6 skyrmions also rearrange, pre-
sumably due to thermal fluctuations.

We then measure the stability of this new configuration after the
interaction by taking a second field image without any further perturbations.
Figure 8e shows AB,(x, y) of this image and the one taken immediately after
the interaction with the charged tip. Six dipolar signals are visible near the
original region of interaction with an average displacement of 100 + 20 nm,
along with a few randomly distributed thermal rearrangements away from
this area. Five of the six signals near the original interaction line occur at the
same positions and have the opposite polarity as the displacements induced
by the charged tip, which are highlighted in yellow in the inset of Fig. 8d.
These displacements represent skyrmions relaxing back to positions close to
the ones before the perturbation. Having been displaced from deeper to
shallower pinning sites, they relax back to the original or nearby sites under
the influence of thermal fluctuations.

The displacement of another cluster of skyrmions is shown in Fig. 8f
after a second scan of the charged SQUID-on-tip along a different path.
We apply the same voltage, but reduce the tip-sample distance to 30 nm.
We observe a larger average skyrmion displacement of 130 + 30 nm with
12 dipolar signals shown in the inset. Repeating the experiment with the
same tip-sample distance and Vi, =0V results in fewer displaced sky-
rmions, as shown in Fig. 8g. Positive applied tip voltages, rather than
leading to skyrmion displacements in the opposite direction, produce no
displacements, as shown in Fig. 8h, which is taken after scanning a
positively charged tip with V;, = 416 V. As summarized by these results
and confirmed by multiple experiments, on average, smaller tip-sample
distances and larger negative Vy, produce larger and more frequent
skyrmion displacements; larger tip-sample distances and more positive
Viip result in fewer displacements. Note that, away from the interaction
region, one dipolar signal is persistently seen in Fig. 8f-h, which is indi-
cated by a dashed green circle, suggesting a fluctuating skyrmion located
in a shallow pinning potential.

In all maps of AB,(x, y), skyrmions are displaced by an average of
120 + 30 nm either by thermal fluctuations or by interaction with the
charged tip. Skyrmions displaced by the tip do not appear to move along any
preferential direction with respect to the crystal or the motion of the charged
tip. Also, all signals observed in AB,(x, ) have a dipolar character, indicating
that both thermal fluctuations and tip-induced interaction result in sky-
rmion displacement rather than their creation or annihilation. Simulations
have suggested that skyrmions can be created in Cu,0SeOj3 by a tip-induced
local electric field, although the required electric fields are two orders of
magnitude larger than those applied here™.

Discussion

The overall picture given by our SSM and MFM images of the stray magnetic
field patterns at the surface of Cu,0OSeQj is consistent with the projection of
the magnetic phases known to be present in the bulk. As a function of
decreasing field applied along [001], we observe FP, TS, and a stripe pattern
at the surface likely related to out-of-plane C and H phases slightly mis-
aligned with the surface normal. At low fields, we image a multi-domain H
phase and in large reverse fields—at the boundary between TS and FP
phases—we observe the nucleation of disordered clusters of skyrmions.
Furthermore, the tilt angle of the TS phase presents the expected depen-
dence on applied magnetic field.

The images do, however, reveal a number of important insights. The
observation of the coexistence of domains of TS, FP, and disordered LTS
phases near the transition between TS and FP phases is particularly note-
worthy. The images of this process confirm the first-order nature of this

transition for a field applied along (100)”". They also show that the rupture of
TS domains in the FP background nucleates clusters of LTSs. Leonov and
Pappas proposed two scenarios for skyrmion nucleation: (i) via rupture of
in-plane H domains and (ii) from domain boundaries between different TS
states™”. We do not see evidence for either of these processes at the surface. In
fact, we always observe a single-domain TS phase—not domains of TS
tilting towards different (111)-axes—perhaps because one of the four
directions is favored by the slight misalignment of the applied field with
[001]. Nevertheless, the formation of stable skyrmion clusters at the
boundaries between TS and FP domains does follow a scenario similar to
those described by Leonov and Pappas. Certainly, the images provide a
microscopic explanation for the hysteretic behavior of the LTS phase™*.

We do not have a definitive explanation for the observation of finger-
like features and the coexistence of TS domains with different propagation
directions, as seen in Fig. 2¢, d, and o. Both occur near transitions between
the TS and FP phases, where the energies of these phases are nearly equal.
We speculate that, at these fields, in the presence of disorder—perhaps the
same disorder that leads to skyrmion pinning—it could become energeti-
cally advantageous for the system to occupy other similar states, such as TS
phases with slightly different propagation vectors at different locations on
the surface. The manifestation of these different propagation vectors would
be the TS domains with different propagation vectors and the finger-like
features, which could represent a continuous reorientation of the propa-
gation vector. Once the field is swept away from the transition field and
either the TS or FP state becomes the global energetic minimum, such states
would disappear.

The effect of the surface appears in both SSM and MEM maps, which
show evidence of a low-field stripe state. With the system either in the C or
out-of-plane H phase, the stray magnetic field at the surface displays a
complex modulation, whose fundamental spatial frequency is set by the
propagation direction’s slight misalignment from the surface normal. Sig-
natures of this state are absent from SANS or other bulk measurements of
Cu,08e0;. Furthermore, the state’s stray field pattern is consistent with an
idealized in-plane stripe state. Such a distorted helical state could be stabi-
lized at the surface due to symmetry breaking at this boundary and its effect
on the balance of magnetic energies. Surface effects that may play a role
include magnetic surface anisotropy’®' and the chiral surface twist
effect”””>”, which has recently been observed at the surface of bulk
Cu,08e05"**** and is due to the effect of the DMI on the boundary con-
ditions at the surface®. Recent temperature-dependent experiments in
Cu,08e0; have invoked an additional surface DMI term driven by ferro-
electric polarization at the surface of this multiferroic material in order to
explain the observed depth dependence of the skyrmion helicity™. Effects
related to surface strain**** and surface defects may also play a role.

The experiments also highlight the importance of random pinning
potentials in fixing the configuration of near-surface skyrmions. Pinning
forces appear to play a role in blocking the formation of the a skyrmion
lattice: as the system exits the TS state and enters the FP state, as shown in
Fig. 2p, q, and r, skyrmions remain stable, but the skyrmion lattice does not
form, likely because pinning forces are stronger than skyrmion-skyrmion
repulsion. A number of mechanisms could be responsible for the pinning
potentials, including structural defects or impurities in the bulk, surface
defects or adatoms adhering to the surface, or local variations of either the
DMI or magnetic anisotropy. Whatever the mechanism, the average density
of pinning sites can be estimated from the average observed displacement of
skyrmions resulting either from thermal or tip-induced perturbations,
yielding 75 um . This density represents almost one quarter of the density
corresponding to the bulk skyrmion lattice.

A final question revolves around the mechanism by which the charged
scanning probe displaces skyrmions, which relies on the coupling between
the locally applied electric field and the emergent electric polarization in
Cu,08e0;. This coupling allows both for the application of a force on
individual skyrmions’” and for the local tuning of the relative energies of
skyrmions compared to competing magnetic phases™. In the former case,
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given that skyrmions in Cu,0SeO; for H||[[001] are associated with an
electric quadrupolar moment”, they are susceptible to forces induced by
inhomogeneous electric fields, such as those created by a local probe.
However, for this mechanism to be responsible for the observed displace-
ments, the effect would have to be symmetric as a function of applied electric
field. Our observations contradict this prediction: multiple skyrmion dis-
placements are observed for negative values of tip voltage, e.g., Vi, = —16 V
in Fig. 8d, f, while none are observed for positive values, e.g., Vip=+16Vin
Fig. 8h. Given the size of the observed asymmetry, which is apparent up to at
least +16V, differences in tip-sample contact potential are not sufficient to
account for it.

On the other hand, experiments in bulk and lamellae of Cu,OSeO;
have shown that an applied electric field can tune the free energy of the
skyrmion phase, thus either enhancing or suppressing its stability'®
depending on the sign of the field. In this way, starting from an initial helical
phase, skyrmions were created via the application of an electric field”. A
similar mechanism could be at work in our experiment, where the local
application of a Vg, <0 could result in the suppression of a skyrmion’s
stability beneath the tip by lowering its pinning potential barrier and
allowing thermal fluctuations to displace it to a nearby pinning site. The
application of Vi, > 0 could then result in an enhancement of a skyrmion’s
stability beneath the tip by increasing its pinning potential barrier and
preserving its original position. This hypothesis is consistent with the
observations that skyrmions are not displaced along any preferential
direction and that their displacement is not symmetric with respect to
positive and negative V. Follow-up experiments designed for the appli-
cation of large localized electric fields at the surface, e.g., via metallic
nanometer-scale electrodes patterned on the surface, could shed further
light on this mechanism.

It is interesting to note that throughout our experiments, no skyrmion
creation or annihilation events were observed, despite local electric fields
applied to the surface in excess of 10’V m™. This observation provides
experimental evidence for the robustness of magnetic skyrmions. The fact
that the skyrmions can both be controllably displaced without being
destroyed or created is promising for storage and information processing
applications.

Conclusion

The presented SSM and MFM images give a clear picture not only of the
low-temperature magnetic phases at the surface of Cu,0SeOs, but also of
their phase transitions in a field applied along the easy axis. They shed light
on the microscopic nucleation of LTSs from rupturing TS domains in the FP
background, during the first-order transition from the TS to FP phase. We
also find evidence for a magnetic stripe phase at the surface. Using a charged
scanning probe to displace and image individual skyrmions in disordered
clusters, we observe behavior dominated by pinning potentials. Together,
these findings point to the strong effects of the surface in modifying the
magnetic phases present in the bulk. The extent to which these effects are
determined by intrinsic properties of the surface or imperfections due to
defects, impurities, or roughness is a topic for future study.

Along with the insights about phases and phase transitions, our work
also sheds light on the behavior of individual skyrmions at the surface of
Cu,08e0; and other similar materials. In general, skyrmions occur in lat-
tices or as isolated particles within a different magnetic phase™. Under-
standing how isolated skyrmions behave and how to manipulate them is
crucial for potential applications. In particular, identifying their pinning
mechanisms and how to engineer pinning sites is an important ingredient
for any information storage or processing scheme. Although the demon-
strated skyrmion displacements are small, experiments on thinner samples
or with patterned surface electrodes could allow for the application of
electric fields orders of magnitude larger than those applied here, potentially
allowing for greater control. The possibilities are intriguing: for example,
one may imagine patterning nanometer-scale gates at the surface of
Cu,08e0; in order to control their position. Such an architecture is parti-
cularly attractive given the capabilities of nanometer-scale patterning

technology and the fact that control via electric field can be carried
out with negligible dissipation, unlike control via electric current or
magnetic field.

Methods

Cu,0Se03; sample

The Cu,08eOj crystals are grown via chemical vapor transport with CuO
and SeO, as starting materials and HCl as the transport agent according to
the process described by Baral etal. . A well-faceted single crystal is chosen
with a natural {100} facet. The orientation is verified using a Laue camera.
The facet is then mechanically polished and the orientation is subsequently
re-verified using the Laue camera (see Supplementary Note 1). The miscut
angle is measured using rocking curves with XRD to be less than 1°. Before
imaging by SSM, this (001) surface is etched using Ar plasma, in order to
ensure less than 10 nm of roughness. After SSM and SANS measurements,
10 nm of Au are sputtered onto the crystal to shield the MEM probe from
electrostatic interactions. SSM, SANS, and MFM measurements presented
here are carried out on the same Cu,OSeOj crystal. Follow-up SSM mea-
surements on another crystal confirm the reported behavior.

Scanning SQUID microscopy

We map the stray magnetic field perpendicular to the (001) surface of a
Cu,08e0;5 crystal using a SQUID-on-tip probe (see Supplementary
Note 2). The SQUID-on-tip is fabricated by sputtering either MoGe or Nb
on the apex of a pulled quartz capillary as described by Romagnoli et al.”’.
The effective loop diameter of 80 nm and 110 nm of the SQUID-on-tip
probes are extracted from measurements of the critical current Isor as a
function of a uniform magnetic field H, applied perpendicular to the loop. A
serial SQUID array amplifier (Magnicon) is used to measure the current
flowing through the SQUID-on-tip®.

The crystal is mounted in a high-vacuum microscope operating at 5 K,
with the (001) surface just below the SQUID-on-tip probe and parallel to its
scanning plane (xy-plane). Since the current response of the SQUID-on-tip
is proportional to the magnetic flux threading through its SQUID loop, it
provides a measure of the component of the local magnetic field perpen-
dicular to (001) surface of the sample B,, integrated over the loop. By
scanning the sample with piezoelectric actuators (Attocube) at a constant
tip-sample spacing between 80 and 100 nm, we map B,. The spatial reso-
lution of the SSM is limited by this spacing, by the SQUID-on-tip diameter,
and the measurement noise. As discussed in Supplementary Note 6, the tip
with an effective diameter of 110 nm can resolve two skyrmions down to
separations of 105 nm in images of skyrmion clusters shown in Figs. 7 and 8.
From successive such images, we can measure skyrmion displacements with
a precision down to 10 nm in Fig. 8.

The tip-sample spacing is controlled using a tuning fork mechanical
resonator (Qplus), which is physically coupled to the body of the SQUID-
on-tip at ~100 um from the tip apex. A piezoelectric actuator and a phase-
locked loop are used to excite and monitor the tuning fork’s mechanical
resonance and tip-sample spacing. We drive the probe with the piezoelectric
actuator on resonance, such that the SQUID-on-tip oscillates along the y-
direction with a few nanometers of oscillation amplitude. By measuring the
SQUID’s response at this frequency using a lock-in amplifier (Zurich
Instruments MFLI), we also map BZ°, which is proportional to dB,/dy. Maps
of B3 show a greater level of detail than B, because of the reduction of noise
offered by the lockin’s spectral filtering and the higher spatial resolution
characteristic of measuring a magnetic field derivative". Maps of B, and B
are taken using a scanning probe microscopy controller (Specs) at a scan rate
of 0.2 um s~ with a time per pixel of 100 ms.

Nanowire magnetic force microscopy

The MFM probes are high aspect ratio NWs, which are a few micrometers
long and a few tens of nanometers in diameter. Their nanometer-scale Co
magnetic tip is grown by focused-electron-beam-induced deposition*’. We
map shifts in the NW’s mechanical resonance frequencies, which are pro-
duced by the tip-sample interaction while scanning above the sample
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surface at a constant height of ~50 nm (see Supplementary Note 2). During
a scan, we record the frequency shift of both of the NW’s flexural modes,
Afi =fi — fo1 and Af, = f, — fo,. fo1 and fo, are the natural resonance fre-
quencies of the modes in the absence of interaction with the sample. The
quantity displayed in the images is the sum of these frequency shifts
Af= Af; + Af,. In the limit of a strongly magnetized sample, each mode’s
frequency shift is proportional to the spatial derivative of the sample’s in-
plane stray magnetic field taken along each of the NW mode direc-
tions: Af, , o< dB, _ /dx; ,"".

Small angle neutron scattering

The long-period magnetic structures in the bulk of the crystal are studied
using SANS. The measurements are performed using the SANS-I instru-
ment at the Swiss Spallation Neutron Source (SINQ), Paul Scherrer Institute
(PSI), Switzerland. The crystal is mounted onto a sample stick, and loaded
into a horizontal field cryomagnet, which is installed at the neutron
beamline. For the SANS measurements, an incident neutron wavelength of
8 A (AL,/),, = 10%) is selected and collimated over a distance of 18 m before
the sample. The scattered neutrons are detected by a two-dimensional
multidetector placed 18 m behind the sample.

The measurement is carried out with the applied field 1, H || [001] and
uoHLk;, where k; is the incident neutron wavevector. In this so-called
transverse geometry, SANS signals due to all of the relevant long-period
magnetic phases can be observed. Intensity due to H domains with
qy |l (100), C order with qc || poH, TS order with qrs tilted from parallel to
UoH, can all be observed in this single instrument geometry. Disordered
skyrmion phases can also be studied, since the skyrmion lattice correlations
always propagate in a plane perpendicular to yoH. In this transverse field
geometry, the associated SANS intensity due to skyrmions forms a ring in
the plane perpendicular to yoH, which intersects the two-dimensional
detector along the north-south directions. A second measurement with the
applied field u,H || [001] and yoH || k; is also carried out. In this parallel
geometry, only in-plane H domains and skyrmion phases can be observed.

SANS is performed by rotating the cryomagnet and sample stick
together over a range of angles that move the various diffraction spots
through the Bragg condition at the detector. Detector measurements
obtained at each rocking angle are summed together to produce SANS
images where all diffraction spots can be observed at once. SANS data are
also obtained at fixed rocking angle where intensity from all possible long
period phases could be observed simultaneously. Further data are obtained
similarly either in the paramagnetic regime at 70 K, or in high-field above
magnetic saturation, and used for background subtraction of the low-field/
low-temperature data measured below T.. SANS data is analyzed using
GRASP software”.

Data availability
The data supporting the findings of this study are available on the Zenodo
repository at https://doi.org/10.5281/zenodo.13838300.
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