Manuscript version: Published Version
The version presented in WRAP is the published version (Version of Record).
Persistent WRAP URL:
http://wrap.warwick.ac.uk/145541
How to cite:
The repository item page linked to above, will contain details on accessing citation guidance
from the publisher.
Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.
Copyright © and all moral rights to the version of the paper presented here belong to the
individual author(s) and/or other copyright owners. To the extent reasonable and
practicable the material made available in WRAP has been checked for eligibility before
being made available.
Copies of full items can be used for personal research or study, educational, or not-for-profit
purposes without prior permission or charge. Provided that the authors, title and full
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata
page and the content is not changed in any way.
Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further
information.
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

warwick.ac.uk/lib-publications

PHYSICAL REVIEW B 102, 224407 (2020)

Position-dependent stability and lifetime of the skyrmion state in nickel-substituted Cu2 OSeO3
M. Crisanti ,1,2,* M. T. Birch ,3 M. N. Wilson,3 S. H. Moody,3 A. Štefančič,2 B. M. Huddart ,3 S. Cabeza ,1
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We report spatially resolved small-angle neutron-scattering measurements of the conical and skyrmion states
of a bulk single crystal of nickel-substituted Cu2 OSeO3 , with a nominal concentration of Ni of 14%. We observe
a significant spatial dependence of the structure of these magnetic states, characterized by increased disorder
and misalignment with respect to the applied field as we approach the edge of the sample. Remarkably, the
edge skyrmion state is also characterized by an extended stability towards lower temperatures. Surprisingly,
in the same region of the sample, the metastable skyrmion state did not show simple decay. Instead, only a
fraction of the scattered intensity appeared to decay, and the intensity therefore did not approach zero during
our measurements. We suggest that the increased local disorder and the coexistence of conical and skyrmion
states, induced by demagnetization effects at the edge of the sample, are responsible for the increased stability
of this skyrmion state. We also infer that the unclear metastable behavior of the skyrmion lattice at the edge of
the sample is due to the local geometry of the sample, which induces coexistence of different skyrmion states
whose lifetimes are superimposed and difficult to separate in the data.
DOI: 10.1103/PhysRevB.102.224407

I. INTRODUCTION

Magnetic skyrmions constitute a topological state of matter
that is currently the focus of great research efforts due to their
potential application in spintronic devices [1,2]. A skyrmion is
a topologically stable, nanosized spin whirl. Its stability arises
from the difference between the topological charge of this
spin structure (N = 1) from neighboring topologically trivial
structures that have N = 0 [3–5].
Magnetic skyrmions were first observed in the noncentrosymmetric chiral magnet MnSi by means of small-angle
neutron scattering (SANS) [6]. Soon after, they have been observed in other materials belonging to the same space group,
P21 3, such as Fe1−x Cox Si [7], FeGe [8], and Cu2 OSeO3
[9], where the lack of inversion symmetry and thermal
fluctuations plays a major role in their stabilization [7–9].
Magnetic materials crystallizing in the P21 3 space group host
the Dzyaloshinskii-Moriya interaction (DMI), responsible for
canting neighboring spins. The interplay between the ferromagnetic exchange interaction, the DMI, and the magnetic
anisotropy provides these materials with an H-T phase diagram characteristic of this set of materials. More recently,
skyrmions have been observed in another set of chiral materials, the Co-Zn-Mn family of alloys, where they are stable at
room temperature [10]. Skyrmions have also been observed in
thin films [11–13], and in centrosymmetric materials [14,15]
where magnetic frustration is responsible for the stabilization
of this topologically nontrivial spin texture.
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In Cu2 OSeO3 , the parent compound of (Nix Cu1−x )2 OSeO3
which is the object of our study, below the ordering temperature TC , the zero magnetic field ground state is a helical
ordering of the magnetic moments, a result of competition
between the ferromagnetic exchange and the DMI. In this
compound, the helical ground state consists of three domains
of helices with their propagation vectors pinned along the
[100], [010], and [001] crystallographic directions. When increasing the applied magnetic field at base temperature, the
system passes into a single-domain conical state, where the
propagation vector lies parallel to the applied magnetic field.
Eventually, increasing the field further, the system transitions
into a uniform magnetization state.
However, at higher temperatures near TC the behavior is
different. In this narrow region of the H-T phase diagram
just below TC , the skyrmion state is stabilized by thermal
fluctuations. Here, in what is commonly referred to as the
skyrmion pocket, skyrmions arrange in a hexagonal lattice
(SkX) and extend along the direction of the applied magnetic
field as tubes [16].
Different approaches have been investigated to engineer
the size and position of the skyrmion pocket, such as the application of electric fields [17–19], the application of uniaxial
[20–22] and hydrostatic pressure [23–27], and the reduction
of the sample dimensions into thin films [28]. In addition, it
has been shown that it is possible to stabilize the skyrmion
state over a wide temperature and field range via rapid field
cooling (RFC) through the skyrmion pocket [17,18,29–32].
With this process a metastable skyrmion state is formed over
a wide temperature range, that decays into the conical (or
helical) state with a temperature-dependent lifetime [18,29].
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II. METHODS
A. Small-angle neutron scattering

A single crystal of Ni-substituted Cu2 OSeO3 (6 × 5 ×
3 mm3 , 225 mg) with a nominal Ni concentration of 14%, and
a pristine Cu2 OSeO3 (2 × 1.5 × 2 mm3 , 21 mg) single crystal
were both studied with SANS on D33 at the Institut LaueLangevin (ILL). Both samples were grown by chemical vapor
transport [33]. The samples were mounted inside a helium
cryostat with a [110] crystal axis along the direction of the
neutron beam, and a [11̄0] axis vertical, perpendicular to the
neutron beam. Both samples were glued on a 200-μm-thick
aluminum plate. Cadmium strips were placed aside of the top
and bottom edges of the samples to block the neutrons missing
the sample and to help with its vertical alignment to the neutron beam. The magnetic field was applied both parallel and
perpendicular to the neutron beam, as shown in Figs. 1(a) and
1(b). Its direction relative to the neutron beam was determined
using scattering from the lattice of superconducting vortices in
Nb, known to follow the applied field direction [37]. All the
measurements were performed with a collimation length of
7.8 m before the sample, and a neutron wavelength λ = 6 Å,
with a full width at half maximum (FWHM) fractional spread
of λ/λ = 10%. The scattered neutrons were detected 7.8 m
after the sample with a two-dimensional multidetector.
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It has further been shown that the position of the skyrmion
pocket can be tuned through controlled chemical substitution
[33–35]. In Cu2 OSeO3 , the substitution of Cu ions with nonmagnetic Zn ions led to a shift of the whole phase diagram
towards lower temperatures [33]. On the other hand, magnetic
doping with Ni induced an increase of the size of the skyrmion
pocket towards lower temperatures with increasing Ni substitution, reported for polycrystalline samples studied with both
ac susceptibility [34] and SANS [35].
In bulk materials, most of the techniques used to study the
skyrmion state provide information that is averaged across the
whole sample. However, since the skyrmion state is characterized by a long periodicity, we might expect there to be
variations in its behavior across different areas of a bulk sample, which have not been well investigated. Techniques such
as SANS, when used in cooperation with a suitable aperture at
a high-brilliance source, can provide insight at specific areas
of the sample [36]. The often small dimensions of the samples
studied represent a major limitation for the acquisition of
sufficiently spatially resolved information.
For this reason we focused our study on an exceptionally
large single crystal of Ni-substituted Cu2 OSeO3 with a nominal concentration of Ni of 14% (6 × 3 × 3 mm3 , 225 mg). The
large size of the crystal enabled the study of the spatial variation of the skyrmion magnetic texture and its metastability.
We report spatially resolved small-angle neutron scattering and neutron diffraction measurements performed on a
single crystal of Ni-substituted Cu2 OSeO3 . The features of
the skyrmion magnetic texture have been mapped across the
sample, revealing substantial differences in its structure, its
stability, and metastability in areas of the sample only ∼2 mm
away from each other.
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FIG. 1. (a),(b) Schematic of the two SANS experimental geometries. (c) Magnetization measured as a function of decreasing
temperature with an applied magnetic field of 20 mT for the pristine
(purple squares) and Ni-substituted (orange circles) sample. (d) The
calculated gradient of the magnetization with temperature. The minima of this data were used to define TC , indicated by the colored
vertical lines in both panels.

Rocking curves of the conical and skyrmion states were
collected by rotating the sample and cryomagnet together
around the vertical axis (sample [11̄0] axis), obtaining the
intensity of the horizontal magnetic diffraction spots as a
function of rocking angle ω. The rocking angle ω = 0 corresponded to the applied magnetic field lying parallel to the
incoming neutron beam, and was calibrated by centering
the scattering from the flux lines lattice in superconducting
Nb [37]. The Ni-substituted sample was studied with two
different neutron beam apertures: one of 6 mm diameter,
illuminating the whole sample, and a second one of 1 mm
diameter, illuminating specific areas of the sample chosen by
horizontally translating the magnet and the sample relative
to the neutron beam. The pristine sample was studied with
a 3-mm aperture, illuminating the whole sample. For the Nisubstituted sample, the phase diagram of the fully illuminated
sample was measured by zero field cooling (ZFC) to target
temperatures and performing field scans at each temperature
[Fig. 3(a)]. The phase diagrams relative to the specific areas
of interest on the sample were measured by high field cooling
(HFC) in 50 mT, setting a target H, and performing increasing temperature scans at each target field. In both cases the
measurements were not affected by metastability, and they
represent the true extent of the equilibrium skyrmion state at
those specific conditions.
The lifetime of the metastable skyrmion state was measured in both areas of interest on the sample. To perform these
measurements, the rocking angle corresponding to the peaks
of the rocking curves in the equilibrium state was identified in
both areas. The lifetime measurements were then performed
by collecting single diffraction patterns at the corresponding
rocking angle in each area. All lifetime measurements were
performed by field cooling the sample from 70 K to the
desired temperature at a rate of 7 K/min.
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FIG. 2. (a),(b) Magnetic phase diagrams of the pristine and
Ni-substituted samples, respectively. The color map plots the real
component of the ac susceptibility, χ  , as a function of temperature
and applied magnetic field. The ac susceptibility measurements at
(c),(d) 57.5 K and (e),(f) 50.0 K following the ZFC (purple circles)
and FC in 22 mT (orange triangles) are plotted as a function of the
applied field for the (c),(e) pristine and (d),(f) substituted samples.
The real and imaginary components are denoted by the solid and
open markers, respectively. Vertical lines indicate phase boundaries
determined by features in the χ  data, which was normalized to the
highest value of χ  of the pristine sample at 57.5 K. All the helical
(H), conical (C), skyrmion (S), metastable skyrmion (MS-S), uniform magnetization (UM), and paramagnetic (PM) states are labeled.

For all SANS measurements we present, paramagnetic
backgrounds measured on the same sample at 70 K and 22 mT,
with the same aperture and sample positions, were subtracted
during the data reduction. The SANS data reduction and analysis was performed using GRASP [38].
B. Neutron diffraction

Neutron diffraction measurements were performed on
SALSA, at ILL [39], investigating possible residual strain in
the Ni-substituted single crystal. A monochromated neutron
beam with a wavelength of 1.7002 Å was collimated to a voxel
size of 0.6 × 2 × 0.6 mm3 . The sample was mounted with the
[110] crystallographic direction in the scattering plane and the
[11̄0] perpendicular to it. The sample was then rotated around
its vertical axis to meet the Bragg condition of the (044) plane
at the detector position of 2θ = 65.5◦ . This Bragg reflection
was measured across the sample, with an acquisition time of
10 s per point, mapping its intensity, and any variation of 2θ ,
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FIG. 3. (a) SANS H-T phase diagram of the Ni-substituted sample, derived by summing the scattered neutron intensity in the region
of the detector between the two white circles indicated in (b). The
dashed lines serve as a guide to the eye to identify the boundaries
between the various magnetic phases in the sample. The solid white
vertical line indicates the value of TC measured with ac susceptibility
(Fig. 1). (b) Typical skyrmion lattice scattering pattern recorded using a 6-mm aperture that fully illuminated the Ni-substituted sample
at 22 mT and 57 K. (c) Mid-pocket rocking curve of the equilibrium
skyrmion state of the Ni-substituted sample. (d) Mid-pocket rocking
curve of the pristine sample. Both data sets in (c) and (d) fit to
the sum of two Lorentzian functions (dark blue), that are singularly
shown in purple and orange in (d). (e) Rocking curves recorded in
the equilibrium skyrmion state with a 1-mm aperture at different
positions on the Ni-substituted sample. Each rocking curve was
measured translating horizontally in steps of 0.5 mm on the sample
surface indicated in (f). (f) X-ray tomography of the surface of the
sample struck by neutrons during the SANS experiment. The dashed
white lines are a guide to the eye and identify the edges between
adjacent surfaces. The symbols are a guide to the eye to identify the
positions at which each of the rocking curves in (e) were measured.

and hence any change in the crystal lattice parameter to a precision of 10−4 . To ensure the correct mapping of the edge of
the sample, in this region the measurements were performed
in steps of 0.2 mm, smaller than the size of the beam, and then
recombined to take into account the partially illuminated areas
of the sample when hitting its edge. The measurements were
performed at room temperature and zero applied magnetic
field, and at 56.0(1) K and 22 mT. The data were reduced and
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analyzed with the Large Array Manipulation Program (LAMP)
software [40].
The characterization of the single-crystal structures and
the alignment of the samples were performed on the OrientExpress Laue diffractometer at ILL [41], for both the
Ni-substituted and pristine samples. The single crystals were
mounted on a two-stage tilt goniometer, and illuminated with
a white neutron beam. The scattering patterns were collected
with an average of 20 s exposure time on a charged coupled
device sensor, coupled to a scintillator, in backscattering geometry.
C. Magnetometry

dc and ac magnetometry measurements were performed
using an MPMS3 Quantum Design superconducting quantum
interference device (SQUID) magnetometer. Using GE varnish, the single-crystal samples were fixed to a quartz rod with
the [110] crystal axis parallel to the applied magnetic field.
The ac susceptibility measurements were undertaken at a frequency of 10 Hz, and with a field amplitude of 0.1 mT. A rate
of 40 K/min was set for all cooling procedures. Magnetization
versus temperature measurements determined TC to be 59.1(1)
K for the pristine sample and 58.9(1) K for the Ni-substituted
sample, as shown in Figs. 1(c) and 1(d).
D. X-ray tomography

The sample volume and shape were studied with x-ray
tomography measurements performed on the NeXT-Grenoble
(ILL) [42] instrument at room temperature and zero magnetic
field. A polychromatic x-ray beam at 120 kV and 60 μA was
collimated to a voxel size of 20 μm. A tin filter of 500 μm
was added to cut low wavelengths, producing an x-ray beam
peaking at 50 keV. The sample was mounted on a rotation
stage. Transmission images were recorded as a function of
sample rotation until the sample was fully illuminated. The
tomography resulted in 1312 images, each one recorded as an
average of seven single frames, each one with an exposition
of 0.3 s.
E. Density functional theory calculations

To determine the Young’s modulus of Cu2 OSeO3 , we used
the plane-wave basis-set electronic structure code CASTEP [43]
and worked within the generalized-gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof (PBE) functional
[44]. We used a plane-wave cutoff energy of 1000 eV and a
5 × 5 × 5 Monkhorst-Pack grid [45] for Brillouin zone sampling, resulting in stresses that converged to 0.1 GPa. Elastic
constants were obtained by applying a series of strains to the
unit cell and calculating the corresponding stresses.
III. RESULTS
A. Ni substitution effects on the whole sample

Figures 2(a) and 2(b) display the real component of
the ac susceptibility measurements, χ  , for the pristine and
Ni-substituted samples, respectively. χ  was measured field
cooling (FC) in 22 mT at selected target temperatures between
49 and 61 K, and then measuring increasing field. The system

was then reset and field cooled again in 22 mT to the same target temperatures, then measuring decreasing field. The same
procedure was utilized on both the pristine and Ni-substituted
samples. Features in the data were used to determine the
magnetic phase diagram. The lower value of χ  close to 0 mT
is a signature of the helical state, while the lower valued region
at ≈20 mT and 58 K indicates the formation of the skyrmion
lattice state [46].
These features are more easily seen in Figs. 2(c) and 2(d),
which plot the measured value of χ  , at 57.5 K against the applied field. Comparison of the data suggests little difference in
the response of the pristine and Ni-substituted samples at this
temperature. These panels also plot the imaginary component,
χ  . At this temperature, the peaks in χ  are associated with
energy losses due to excitations at the magnetic phase boundaries between the helical and conical and the skyrmion and
conical states [46]. The values of the imaginary component
were normalized to the highest measured value of χ  in the
pristine sample, at 57.5 K, in order to allow for comparison of
the χ  signal between the two samples.
The χ  data in Figs. 2(a) and 2(b) also display a broad reduction in the χ  value around 20 mT across all temperatures,
demonstrating the formation of a metastable skyrmion state.
The ZFC and FC data for both samples at 50 K shown in
Figs. 2(e) and 2(f) demonstrate that the value of χ  after field
cooling is reduced to a greater extent in the Ni-substituted
sample compared to the pristine. This indicates that a larger
population of metastable skyrmions is formed in the Nisubstituted sample, suggesting that the Ni substitution has
increased the metastable skyrmion lifetime in a manner similar to that seen in Zn-substituted Cu2 OSeO3 [29].
Turning now to the imaginary component at 50 K, shown in
Figs. 2(e) and 2(f), we see that the magnitude of the peaks are
reduced in the Ni-substituted sample. Similar behavior was
previously reported in a Zn-substituted sample, where it was
attributed to pinning effects introduced by the dopant [47].
Furthermore, there are two peaks seen in the ZFC data for
both samples. These have previously been attributed to the
reorientation of different helical domains in the Cu2 OSeO3
when the field is applied along the [110]. Significantly, our
data suggest that this reorientation occurs in both the Nisubstituted and pristine samples, while it has been reported
that this feature is suppressed by Zn substitution [47]. This
suggests that the magnetic Ni substitution modifies the phase
transitions in Cu2 OSeO3 in a different manner compared to
nonmagnetic Zn substitution.

IV. SKYRMION LATTICE STRUCTURE

The equilibrium skyrmion pocket of the Ni-substituted
sample was also measured with SANS and is reported in
Fig. 3(a). These measurements are consistent with the magnetometry results of Fig. 2(b), which showed that the skyrmion
pocket in the chemically substituted single crystal was enlarged compared to the pristine single crystal in Fig. 2(a). This
was also previously reported for polycrystalline samples of
Ni-substituted Cu2 OSeO3 [34,35]. SANS allowed the characterization of the ordering of the different magnetic states in our
Ni-substituted sample. The skyrmion lattice was characterized
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by the typical six-fold scattering pattern shown in Fig. 3(b),
while both the conical and helical states were characterized by
two horizontal diffraction spots. The momentum transfer, or
q, of the skyrmion state was qSkX = 0.0103(1) Å−1 , the same
value, within experimental uncertainty, as that of the helical
state, qh = 0.0104(1) Å−1 . The corresponding characteristic
spacing of the skyrmion lattice was dSkX = q2π
 607(8) Å,
SkX
in agreement with previously published work on the pristine
and Zn-substituted samples [9,29].
Rocking curves of the horizontal diffraction spots were
measured in the center of the skyrmion pocket for both the Nisubstituted and pristine samples and are reported in Figs. 3(c)
and 3(d), respectively. In both cases, the data fit well to the
sum of two Lorentzian functions, indicating the presence of
two skyrmion domains characterized by different mean directions away from the applied magnetic field, and by different
spreads of angles. These domains are present in addition to the
azimuthally rotated domain by 30◦ observed on the detector
plane in Fig. 3(b), since they lie in the plane perpendicular to
the detector. In order to ascertain how the multiple skyrmion
domains were distributed within the sample, a 1-mm aperture
of the neutron beam was utilized to selectively study specific areas of the sample and spatially resolve its magnetic
features.
Figure 3(e) shows rocking curves collected in the equilibrium skyrmion pocket with the 1-mm aperture, at different
positions across the horizontal axis of the Ni-substituted sample, as indicated by the colored markers in Fig. 3(f). The
mean alignment of the skyrmion tubes and their distribution
dramatically changes with each 0.5-mm step. Higher tilting
angles were observed when illuminating the edge of the sample, while skyrmion domains better aligned to the direction
of the applied field were observed towards the center of the
sample.
To further investigate the spatial dependence of the
skyrmion and conical structure, a detailed set of rocking
curves was collected across the sample on the line formed by
the symbols in Fig. 3(f), and their analysis is reported in Fig. 4.
Here a three-dimensional representation of each rocking curve
is given at each different position on the sample, allowing the
visualization of this complex picture of tilting domains: the
length, width, and orientation of the cones indicate the fitted
maximum intensity, FWHM, and peaking angle of the rocking
curves.
The conical state was measured at 50 K at both 8 and
30 mT, as reported in Figs. 4(a) and 4(b), respectively. The
magnetic field was applied along the [001] crystal axis, perpendicular to the incoming neutron beam. The typical pair
of horizontal diffraction spots characterizing the conical state
were visible on the detector in both field conditions. At low
field, multiple peaks were observed in the rocking curves,
shown by the multiple cones present in some areas of the
sample, indicating multiple conical domains tilting away from
the direction of the applied magnetic field. When increasing
the field to 30 mT, the multidomains were suppressed in favor
of single peaking rocking curves varying smoothly across
the sample. At this higher field, the dominant domains tilt
away from the field direction in similar directions to that seen
at 8 mT; however, the size of this tilting angle is generally
increased, especially at the edges of the sample.

Figure 4(c) reports the detailed scan across the sample of
the skyrmion state. The right side of the sample was characterized by multiple domains visible both on the detector
plane as multiple sets of six-fold scattering patterns and in
the rocking curve profiles, characterized by multiple peaks.
The left side of the sample was instead characterized by a
single skyrmion domain visible on the detector plane. On this
side of the sample, it was possible to observe that the tilting
angles increased at the edge compared with the center. The
skyrmion domains were tilting strongly up to an angle of ±4◦
away from the applied magnetic field direction, compared
with the thinner and more aligned rocking curves measured
in the center.
The increased tilting of the conical domains at the edges
of the sample compared to its center shows a difference in
the alignment of the magnetic texture between the edges and
center of the sample. This indicates the influence of a strong
demagnetization effect linked to the complex shape of our
single crystal. A similar effect was previously observed on
the skyrmion state in MnSi and attributed to demagnetization
fields [36], consistent with our observations.
V. EQUILIBRIUM SKYRMION REGION

In this complex map of the skyrmion state, two regions
of the sample were chosen to concentrate on, hosting two
different skyrmion states, marked in Fig. 4(c) by a purple
square and a yellow triangle, and shown in detail in Fig. 5.
The first region was situated towards the center of the sample,
where the main component of the rocking curve was mostly
aligned to the applied field, which corresponded to a rocking
curve peaking at ω = 0.65(5)◦ , as shown in Fig. 5(a). The
second region, situated towards the edge of the sample, was
characterized by two skyrmion domains, strongly tilted away
from the direction of the applied magnetic field, with mean
angles ω1 = −3.5(1)◦ and ω2 = −1.2(1)◦ , as shown by the
two fitted peaks in Fig. 5(b). These two areas were chosen
as they represented the main features of the rocking curve
measured when illuminating the whole sample, where the
first region corresponded to its main peak at ω ≈ −1◦ , while
the second one is to its left shoulder at ω ≈ 3.5◦ , as shown
in the double fit in Fig. 3(a). We refer to these two regions
of the sample as “center” and “edge.”
Remarkably, in addition to the differences in rocking curves already discussed, these two regions displayed
skyrmion pockets extending over significantly different regions in magnetic field and temperature, as shown in Figs. 5(c)
and 5(d). The central skyrmion domain existed over a similar
area of the H-T phase diagram to the one identified illuminating the whole sample [Fig. 1(a)]. The edge skyrmion domain,
however, showed a much wider region of stability: it extended
twice as much in temperature (from 54 to 58 K), while the
field range remained similar to the central skyrmion domain.
The graphs in Figs. 5(e) and 5(f) were produced by recording the skyrmion scattered intensity at ω = −0.65◦ in the
center position, and at ω = 3.1◦ at the edge position, in three
horizontal scans across the sample, performed at at y = −1,
0, and 1 mm. These two panels show the presence of these
two specific skyrmion domains across the sample. The edge
skyrmion domain was principally located on the left side of
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FIG. 4. (a),(b) Scattering patterns of the conical state at 30 mT and 8 mT, 50 K, collected across the sample surface in steps of 0.5 mm.
(c) Scattering patterns of the skyrmion state at 30 mT, 56 K, collected across the sample surface in steps of 0.5 mm. In each case, the rocking
curves of the horizontal spots in the scattering patterns were analyzed, and their characteristics are displayed by the cones above the scattering
patterns. The rocking curves were fitted to a suitable combination of Lorentzian functions: each cone corresponds to one of these functions.
Where multiple cones are present, the rocking curves were characterized by multiple peaks, and hence fitted to the sum of multiple Lorentzian
functions. The intensity of the fitted curves is proportional to the height of the cones, and in the skyrmion case this height was multiplied by
10 compared to that of the cone phase. The FWHM of the fitted curves is proportional to the width of the cones, in the range from 0.3◦ to 5◦ .
The center of the fitted curves is proportional to the tilting angle of the cones, in a range going from −4◦ to +4◦ . The direction of the applied
field and the neutron beam are reported in the top left of each panel. Where multiple domains were visible in the scattering patterns of the
skyrmion state, the pairs of spots analyzed were boxed and color coded in the same way as the corresponding cones. The symbols on the line
at the bottom correspond to the positions noted in Fig. 3(f).

the sample, where we found the widest rocking curves and
the highest average tilts away from the applied magnetic field
direction.
The differences in the alignment of the skyrmion lattice between the edge and the center of the sample, and the localized
presence of the edge domains, are consistent with demagnetization effects [36] linked to the complex shape of the sample
shown in Fig. 6(b). In particular, we note that a measured
cavity inside the sample, which would not have been identified
without x-ray tomography measurements, significantly affects
the behavior between x = 0 and 2 mm, corresponding to the

right side of the scan in Fig. 4(c). However, we note that
while demagnetization effects could cause a small shift in the
magnetic field position of the skyrmion pocket at different
points in the sample, they cannot directly explain the substantial enhancement of the temperature range of the skyrmion
pocket that we observed. This led us to consider other possible
explanations for this effect.
One possibility could be differences in strain across the
sample, which is known to modify the temperature extent
of the equilibrium skyrmion region [20–22]. This led us to
investigate possible residual strain present in the sample.
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FIG. 5. (a),(b) Mid-pocket rocking curves collected towards the
center of the sample and at its edge, respectively, showing the differently oriented skyrmion domains. (c),(d) Phase diagrams measured
in the two areas of interest of the sample. The white dots in the
diagrams correspond to the H-T parameters at which the lifetime of
the metastable skyrmion state was measured in each area. The stars
indicate the point at which the rocking curves in (a) and (b) were
measured. The white triangles indicate the H-T conditions under
which the graphs in (e) and (f) were measured. (e),(f) Neutronscattered intensity, in logarithmic scale, across the sample of the
aligned (centered) skyrmion domain and misaligned (edge) one, respectively. The map was constructed interpolating three horizontal
scans performed with 1-mm aperture at three different y positions,
in steps of 1 mm. These panels represent the presence of each of the
two domains across the sample.

We used neutron diffraction to measure the strain across the
sample at room temperature and at 56 K in a field of 22 mT.
For these measurements, we tracked the intensity and angular
position of the (044) Bragg reflection across the sample. We
first performed a rocking curve of this peak in the center of the
sample to identify the angle of the (044) peak (FWHM ≈ 1◦ ),
and then scanned across the sample at this fixed angle to map
the peak intensity. These data are shown in Fig. 6(a).
The intensity variation across the sample was due to two
factors. First, due to the narrow rocking curve width, a decrease in the intensity of this reflection could arise from a
change in the rocking curve width, in its mean direction,
or both. However, a measurement of neutron Laue scatter-

-2
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[110]

-4

-2

0
x (mm)

[001]

2
[110]

FIG. 6. (a) Map of the intensity of the (044) Brag peak.
(b) Mid-height slice of sample in the x-z plane derived from x-ray
tomography. Both the neutron beam and the magnetic field direction
are indicated and refer to the geometry of the SANS experiment. A
cavity is visible on the right side of the sample. The shaded areas
marked with the yellow triangle and the blue square refer to the
positions of the edge and central skyrmion domains, respectively.
(c) Fractional variation of the crystal lattice d spacing across the
sample. (d) Neutron Laue image of the sample.

ing illuminating the entire sample showed no defects and
a single-crystal structure [Fig. 6(c)]. For this reason, possible variations of mosaic spread were only on the scale of
a fraction of a degree. Second, the irregular sample shape
combined with the small cavity observed with x-ray tomography [Fig. 6(b)] meant that in different positions, different
sample volumes were illuminated, which we believe was the
dominant contribution to the intensity variation of this Bragg
reflection across the sample.
Of primary interest was the variation of the fitted 2θ position of the Bragg reflection on the detector, hence the d
spacing of the (044) planes. To a precision of 10−4 we could
map the fractional variation of the d spacing as a function of
position in the sample at 56 K, 22 mT, reported in Fig. 6(b).
The distribution of the d-spacing variation was flat, indicating no variation of residual strain in any area of the sample
when in the skyrmion equilibrium conditions. Only a 0.09%
difference was observed between the room-temperature, zero
magnetic field measurement and the 56 K, 22 mT measurement, consistent with the thermal contraction expected for this
material [48], which suggests the absence of strain induced by
the magnetism below TC .
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FIG. 7. (a) Lifetimes measured in the center of the sample, FC in 22 mT to 55, 54.75, and 54.5 K. (b) Lifetimes measured at the edge of
the sample, FC in 16 mT to 55 and 54.5 K. The solid lines in (a) indicate the exponential decay fit of the data. (c),(d) Field warming scans
performed in the center and on the edge of the sample, respectively. In each panel the history of the measurement is indicated in the inset. The
target temperatures of the lifetimes in (a) and (b) are marked on the temperature axis. (e),(f) Sum of scattering patterns of full rocking scans
performed ∼4000 s after the beginning of the lifetime measurements of the edge metastable skyrmion state at 55 and 54.5 K, respectively. The
shaded areas highlight the parts of the detector where it was possible to observe scattering from the skyrmion lattice. (g) Arrhenius plot for the
lifetime fits in (a). The data were fitted to a modified Arrhenius-like law. From the linear fit of the data the activation energy parameter a and
the attempt time τ0 were extracted.

It has been previously shown that on Cu2 OSeO3 a stress on
the order of 100 MPa induced an extension of the skyrmion
pocket comparable with what we observed in our measurements [22]. In order to correlate a change in the lattice
parameter, which we measured, with the stated applied uniaxial pressure, that was previously reported, we calculated
the Young’s modulus of Cu2 OSeO3 using density functional
theory to be 67(9) GPa. Assuming a stress of 100 MPa to
obtain the enlarged pocket at the edge of the sample, with
the calculated Young’s modulus we would expect a difference
in the d spacing between the central and the edge position
of 1.5 × 10−3 , which is well above the sensitivity of our
measurements of 10−4 . As we did not observe any variation
of the lattice parameter on this scale, we can state that strain
is not the cause of our expanded skyrmion pocket. We discuss
alternate explanations later in this paper.
VI. SKYRMION METASTABILITY

The range of temperatures at which the skyrmion state exists can be temporarily extended by rapid field cooling through
the equilibrium pocket [17,31,32] to a target temperature.
This procedure creates a metastable skyrmion state present
over a wide range of temperatures and magnetic fields, which
decays over time into the equilibrium magnetic structure. The
characteristics of the metastable skyrmion state and its decay
are determined by three major factors: the cooling rate, which
determines its population [29], as well as the target temperature [7,17,30–32,49–53] and the disorder of the underlying
crystal structure [29], both of which determine its lifetime. We

investigated the differences in the metastable skyrmion states
located in the center and on the edge of the sample.
According to previous studies on Cu2 OSeO3 [18,29], lifetimes of minutes to hours were expected when RFC in 22 mT
to 54.5, 54.75, and 55 K. However, in these conditions, it was
not possible to create a metastable state at the edge of the sample, since the same target temperatures lie inside the extended
skyrmion pocket. In order to rapid field cool to the same target
temperatures, and obtain a similar range of lifetimes in both
areas of the sample, the applied field was adjusted to 16 mT
for the measurements at the edge of the sample. In this way,
in both areas of the sample we were able to select the same
target temperatures for the cooling process while maintaining
comparable distances from the low-temperature edge of the
equilibrium skyrmion pocket, which was different in the two
areas, hence providing a similar range of lifetimes [29].
The metastable skyrmion state at the center of the sample
showed a lifetime that increased with decreasing temperature, as shown in Fig. 7(a), similar behavior to both pristine
and Zn-substituted Cu2 OSeO3 [17,18,29,53]. The lifetimes
were determined by fitting the decaying intensity to a single exponential with a background, I = y0 + I0 exp(−t/τ ),
obtaining τ (54.5 K) = 2978(56) s, τ (54.75 K) = 768(11) s,
and τ (55 K) = 356(5) s. The characteristic lifetime was
longer than the pristine case [29], as suggested by the ac
susceptibility measurements shown in Figs. 2(e) and 2(f).
Remarkably, the edge metastable skyrmion state did not
show a clear time dependence at any of the selected target
temperatures, as shown in Fig. 7(b). An overall small decay
of a fraction of the intensity can be observed in the data
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over a long period of time, while the scattered intensity did
not approach zero. Moreover, the typical six-fold scattering
pattern from the skyrmion lattice was still visible at the end
of the lifetime measurements as shown in Figs. 7(e) and 7(f).
These observations suggest the presence of an unexpectedly
enhanced stability of the edge metastable skyrmion domain;
however, given the almost flat time dependence of the scattered intensity, it was not possible to produce an Arrhenius
plot for the edge state. Furthermore, no change in the widths
of the rocking curves was observed over the decay.
The Arrhenius plot of the lifetime fits for the central skyrmion domains is shown in Fig. 7(g). Similar to
Refs. [29,32,49,54], the data were fitted to a modified Ara(T −TC )
rhenius law, τ (T ) = τ0 e KB T , expressing the temperature
dependence of the metastable skyrmion state’s lifetime in
terms of the activation energy of the decaying process. From
the fit of the data we extracted the activation energy parameter
a and the attempt time τ0 for both the central and domains. For
the central domain |a| = 209(36) and τ0 = 9(3) s. These results are comparable with what was reported for the CoZnMn
alloys in Ref. [54]. Moreover, an increase in the activation
energy parameter a, compared to pristine and Zn-substituted
Cu2 OSeO3 [29], is also observed.
In Figs. 7(c) and 7(d) we show the extent of the skyrmion
pocket in the center and at the edge of the sample, and measured field warming after ZFC to 52 K. This demonstrates that
the target temperatures chosen for the lifetime measurements,
indicated by the colored dots in both panels, were outside the
equilibrium region of the skyrmion state both at 22 mT in the
central area of the sample, and at 16 mT at the edge.
VII. DISCUSSION

We observed position-dependent characteristics of the
skyrmion state which displayed different regions of stability
[Figs. 5(c) and 5(d)], significant variations in its metastable
behavior [Figs. 7(a) and 7(b)], and a different structure
[Figs. 5(a) and 5(b)] between the edge and the center of
the sample. Here we discuss possible explanations for such
differences.
The structural differences in the skyrmion lattice can be
accounted for by demagnetizing effects. The central area of
the sample has surfaces almost perpendicular to the applied
field, while the edge area presents two surfaces approximately
45◦ to the applied field direction, as shown in Fig. 6(b). The
sample shape determines the demagnetization field, which
induces variation in the curvature and strength of the internal
field [55]. These variations in the internal field explain the
high tilting angles, and wider profiles of both the conical and
skyrmion rocking curves at the edges of the sample, as both
of these states are expected to align themselves with the local
magnetic field direction. This is also supported by the increase
of the tilting angles of the conical rocking curves at the edge
when increasing the strength of the applied field, as this would
accentuate the demagnetization field effects.
It was previously observed in MnSi that the demagnetizing
field in a disk-shaped sample induced a broadening and a
tilting of the skyrmion domains at the edges, and the skyrmion
state nucleated at lower fields in the edge of the sample than
the center [36]. Our results on the structure of the skyrmion

lattice are largely consistent with this study. However, we did
not observe a measurable shift in field position or extent of
the skyrmion pocket between the edge and the center. Instead
we observed a surprising enlargement of the skyrmion pocket
towards lower temperature on the edge of the sample.
The size of the skyrmion pocket in Ni-substituted
Cu2 OSeO3 is strongly dependent on the actual content of Ni
in the sample, as shown in Ref. [35]. An uneven distribution of
Ni across the sample could lead to areas hosting differently extended skyrmion pockets. However, the increasing Ni content
would be accompanied by an increase of the ordering temperature TC [35], and hence a change in the boundary between
the paramagnetic and conical state, which was not observed
in this study. The position of this boundary was measured in
both the edge and central positions and determined to be the
same within uncertainty, ruling out a nonuniform level of Ni
substitution across the sample as a possible explanation for
the enlarged skyrmion pocket at the edge.
The extension of the skyrmion pocket towards lower temperatures, without the increase of TC , has been obtained by the
application of uniaxial pressure [20–22]. However, as mentioned previously, our neutron diffraction measurements rule
out this effect.
Recent Lorentz transmission electron microscopy measurements on FeGe lamellas [56] showed that the decay of
the metastable skyrmion state is affected by the local environment of individual skyrmions. Specifically, more isolated
skyrmions were found to have a higher energy barrier for the
decay into the helical state; hence they were more stable than
the ones situated in the interior of the lattice.
As the energetics of a single skyrmion changes according
to its relative position to the skyrmion lattice, it is reasonable to assume that the energy landscape of the skyrmion
lattice itself can be influenced by the perfection of its local
structure. The edge of the sample was characterized by wider
rocking curves, with substantially higher tilting angles and
multiple peaks, describing multiple neighboring skyrmion lattice domains tilting with respect to each other. On the other
hand, the center was characterized by single peaking rocking
curves with smaller tilting angles. Furthermore, it has been
shown that demagnetization effects induce a coexistence of
the skyrmion and conical phase in MnSi in a wide region of
the phase diagram [36]. Given the shape of our sample, we
expect a wider range of internal magnetic fields, and hence
a wider coexistence of the skyrmion and conical phase, at
the edge of the sample. In this case, the regularity of the
skyrmion lattice is likely interrupted by the presence of the
conical phase, where the skyrmions at the border between
these two phases have a higher stability than the skyrmions
at the interior of the lattice [56]. Interruptions to the regular
lattice structure by the rotation between neighboring skyrmion
domains may also have a similar effect of increasing the
skyrmion stability at these defect sites. These two contributions together may explain the increased temperature range of
the equilibrium skyrmion pocket that we observed at the edge
of our sample.
It is also worth discussing the absence of a clear decaying
behavior of the metastable skyrmions in our measurements of
the edge state. First, it is worth noting that there is a known
variation of the skyrmion lifetime with applied magnetic field
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at fixed temperature, and hence we must consider the effect
of the difference in the magnetic field between the edge and
center measurements. However, lower fields are generally
expected to reduce the metastable lifetime, not increase it
[57], so this effect does not explain our observations. Second, as the lifetime of the metastable state is determined by
the temperature difference between the target temperature of
the cooling and the ordering temperature TC [32,49,54], and
no change in the latter was observed, the same Arrhenius
temperature dependence of the lifetime was expected in both
areas of the sample. In light of these observations, the unclear
time dependence of the metastable intensity at the edge of
the sample could arise from the imperfect local geometry
of the sample. This would induce the coexistence of several
skyrmion states characterized by different metastable behaviors, and possibly different regions of stability. The multiple
metastable skyrmion domains with different lifetimes would
explain the impossibility of fitting the decaying data with
a single decaying exponential, while the presence of stable
skyrmion domains would explain the persistent scattered intensity of the skyrmion lattice reported in Figs. 7(e) and 7(f).
Further measurements of the metastable lifetime at the edge
of the sample would be needed to ascertain the temperature
dependence of its lifetime.
VIII. SUMMARY

We have characterized the magnetic states of a bulk single crystal of Ni-substituted and pristine Cu2 OSeO3 with ac
susceptibility and small-angle neutron scattering.
Magnetometry measurements showed a decrease of ∼0.3%
of the ordering temperature TC in the Ni-substituted sample,
compared to the pristine one. The Ni substitution also increased the population of the metastable skyrmion state in a
similar manner to what was previously seen in Zn-substituted
Cu2 OSeO3 [29].
Spatially resolved small-angle neutron-scattering measurements allowed a detailed study of the ordering of the conical
and skyrmion states performed through the analysis of their
rocking curves shown in Fig. 4. The ordering of both the conical and skyrmion states was position dependent, characterized
by wider rocking curves and higher tilting angles from the
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