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Magnetic skyrmions are nanosized magnetization whirls that exhibit topological robustness and
nontrivial magnetoelectrical properties, such as emergent electromagnetism and intriguing spin dy-
namics in the microwave-frequency region. In chiral magnets, skyrmions are usually found at a
pocket in the phase diagram in the vicinity of the ordering temperature, wherein they order in the
form of a hexagonal skyrmion lattice (SkL). It is generally believed that this equilibrium SkL phase
is a uniform, long-range-ordered magnetic structure with a well-defined lattice constant. Here, using
high-resolution small angle resonant elastic x-ray scattering, we study the field- and temperature-
dependence of the skyrmion lattice in FeGe and CusOSeO3s membranes. Indeed, CuzsOSeOs shows
the expected rigid skyrmion lattice, known from bulk samples, that is unaffected by tuning field
and temperature within the phase pocket. In stark contrast, the lattice constant and skyrmion size
in FeGe membranes undergo a continuous evolution within the skyrmion phase pocket, whereby
the lattice constant changes by up to 15% and the magnetic scattering intensity varies significantly.
Using micromagnetic modeling, it is found that for FeGe the competing energy terms contribut-
ing to the formation of the skyrmion lattice fully explain this breathing behavior. In contrast, for
Cuz08e03 this stabilizing energy balance is less affected by the smaller field variation across the

skyrmion pocket, leading to the observed rigid lattice structure.

I. INTRODUCTION

Exploiting topological properties of quantum materials
for commercial applications has been a central topic for
nanoscience and nanotechnology in recent years. Topo-
logically ordered magnetic systems, such as magnetic soli-
tons [1, 2], vortices [3], skyrmions [4, 5] and Hopfions
[6], have nontrivial magnetization configurations in real
space which exhibit robustness against perturbations and
defects. This makes them excellent candidates for bi-
nary information carriers [4]. Among them, magnetic
skyrmions are particularly promising as they exist in
many materials systems [7-16], and host a number of
novel effects, such as emergent electromagnetism [17, 18]
and nonreciprocal microwave response [19]. They can be
generated, annihilated, and manipulated with ease, mak-
ing them suitable for future for spintronics applications
[4].

Magnetic skyrmions were first experimentally dis-
covered in noncentrosymmetric transition-metal com-

pounds, such as MnSi [7], FeCoSi [8], FeGe [9],
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Cuz0Se03 [10], CoZnMn [11], and others. In these mate-
rials, skyrmions have a delicate spin arrangement which
is usually governed by the balance of the energy terms
of the system [20]. On a microscopic scale, the skyrmion
texture is characterized by the topological winding num-
ber [4, 21], radial profile [4], chirality, polarity, and helic-
ity angle [22, 23]. On a mesoscopic scale, skyrmions with
winding number N = 1 can display different shape (com-
monly either hexagonal or circular depending on their
radial profile), size, and correlation length [24], and it is
the mesoscopic properties that determine most of their
merits for applications [4, 24].

In noncentrosymmetric helimagnets, the most inten-
sively studied skyrmion order is the equilibrium skyrmion
lattice (SkL) phase [7-11], which exists in a small phase
pocket in the temperature-field phase diagram close to
the transition temperature (T¢). A ‘universal’ theoreti-
cal framework has been successfully applied to treat the
physics of the SkL phase [25]. In short, within this mi-
cromagnetic model, the competition between exchange
stiffness, Dzyaloshinskii-Moriya interaction (DMI) and
Zeeman energy favors noncollinear chiral modulations.
With the further contribution of thermal fluctuations
[7], and/or anisotropy [20], and/or surface confinement
[22, 26, 27], the long-range ordered SkL phase can be
stabilized. Within this framework, both the skyrmion
size and SkL lattice constant are determined by the ratio



of the strength of exchange interaction and DMI. There-
fore, for any parameter set within the equilibrium SkL
phase, it is commonly believed that the skyrmions are
uniformly ordered, i.e., with a fixed size and correlation
length [4, 25, 28]. This model is indeed in agreement
with many small-angle neutron scattering (SANS) stud-
ies on bulk samples [29] and real-space magnetic imaging
studies on thin membranes [8, 10, 30].

For future skyrmion device applications, the behavior
of skyrmions in confined geometries, such as thin films, is
of key importance. Interestingly, in a thinned-down he-
limagnet specimen with a thickness comparable to the
characteristic modulation pitch of the helix, the SkL
phase pocket can be extended [9, 10, 31] due to additional
anisotropy [4, 32] and instabilities induced by the surface
[26]. Despite of the extension of the phase pocket, the
skyrmion lattice constant and individual skyrmion size
are generally believed to remain the same in FeGe [9],
MnSi [31], and CuzOSeOg [10] samples with confined ge-
ometries. In fact, the skyrmion lattice constant is nearly
identical to the helical modulation period A, which re-
sults from a competition between exchange interaction

and DMI [33].

Recently, additional skyrmion phases were discovered,
namely, a low-temperature skyrmion phase [28] and
metastable skyrmion states [34-36]. In the former case,
enhanced cubic anisotropy at temperatures far below T
encourages skyrmions to nucleate, competing against the
conical order [28]. In such a scenario, the skyrmion phase
lacks long-range order, and the correlation length in-
creases as a function of field, resulting from the rival-
ing anisotropy energy. In the latter case, the metastable
skyrmion state, produced by field-cooling from the equi-
librium SkL state [37, 38], also undergoes systematic size
and correlation variations, i.e., by increasing the mag-
netic field, the skyrmion size monotonically decreases,
while the lattice constant monotonically increases [30].
This is in the case that the direction of the field is aligned
with the magnetization separating the skyrmions, and
antiparallel with the magnetization in the center of the
skyrmion. Further, a Lorentz transmission electron mi-
croscopy study by McGrouther et al. has found the field-
and film thickness-dependent evolution of the SkL phase
in FeGe [39], in contrast to previous reports [9].

Here, using high-resolution small angle resonant elas-
tic x-ray scattering (SAREXS) on membranes [40-43],
we carried out a comparative study of the SkL phase
in the chiral magnets FeGe and Cuy;0SeO3. Whereas
Cuy0Se03 shows a rigid SkL, in agreement with the
general assumptions of the ‘universal’ skyrmion model,
we find a continuously varying SkL phase in FeGe mem-
branes in agreement with an earlier LTEM study [39].
SAREXS is particularly suited for studying the small
changes of the reciprocal space SkL propagation wavevec-
tors due to two reasons: First, synchrotron-produced
soft x-rays are highly monochromatic (photon energy
AFE < 0.1eV), thereby greatly restricting the conditions
under which the Bragg condition for magnetic diffrac-
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FIG. 1. Small angle resonant elastic x-ray scattering setup.
(a) Scanning electron micrograph of the 200-nm-thick FeGe
membrane, mounted on a 3-mm-diameter Si holder with a
10 x 10 pm? aperture using Pt (the 162-nm-thick Cu20SeO3
membrane is not shown). (b) Typical magnetic scattering
patterns obtained in the helical and (c) skyrmion lattice phase
of FeGe. (d) The incident x-rays (wavenumber k;) are scat-
tered under small angles (k) and their intensity distribution
is detected using a CCD camera. A beam stop is used to block
the straight-through beam, enhancing the contrast of the scat-
tered x-rays. The magnetic field is applied out-of-plane (along
the beam direction). The energy of the circularly polarized
x-rays was tuned to the Fe and Cu L3 edges, respectively.
The temperature of the sample can be controlled in the range
from 10 to 400 K.

tion is met [21, 44-48]. Second, the distance between the
sample and the CCD camera can be comparably large
(474 mm in our case), leading to an angular resolution of
0.0016°. Consequently, the resolution in reciprocal space
vector q reaches 1.6 x 107° nm ™" at the Fe L3 edge (and
1.2 x 1075 nm~! at the Cu L3 edge), making it possi-
ble to study very small momentum transfers in magnetic
diffraction. Surprisingly, we find a non-monotonic evo-
lution of the SKL constant A within the equilibrium SkL
phase in FeGe membranes, and a rigid lattice in identi-
cally prepared CuyOSeO3 membranes. In FeGe, either
by increasing temperature or field, A first decreases, and
consecutively increases, before entering into a different
magnetic phase. Supported by micromagnetic simula-
tions, it is confirmed that the skyrmion diameter d in
FeGe also changes accordingly. The behavior of FeGe is
fundamentally different from that of CusOSeOs3, as well
as from the recently reported metastable skyrmion state
in FeGe [30].

II. EXPERIMENTAL DETAILS

The SAREXS studies were carried out on FeGe and
Cuz0SeO3 membranes in transmission geometry on
beamline 110 at the Diamond Light Source (Oxfordshire,



UK). Circularly polarized x-rays with energy tuned to
the Fe and Cu L3 edges were scattered by the magnetic
structure of the sample. The small angle scattering was
captured by a CCD detector with a sample-detector dis-
tance of 474 mm. The 200-nm-thick FeGe and the 162-
nm-thick CuyOSeO3 membranes, measuring 20 x 20 jum?
in area, were milled from FeGe and CuzOSeOj single
crystals using focused-ion beam processing. The mem-
branes were transferred to a 3-mm-diameter Si holder
with a 10 x 10 um? square aperture in the center, and
secured in place with Pt. The strain in our samples was
minimized by using the mounting method shown in Fig.
1(a) (also see Ref. [42]), in stark contrast to the delib-
erately strained FeGe plates investigated by Shibata et
al. [49]. Note that the transition temperatures in thin
plates generally deviate from the respective bulk values,
not necessarily owing to strain, but very strongly depend-
ing on sample geometry (thickness and shape) [9].

The samples were mounted in the Portable Octupole
Magnet System (POMS) on a He cryostat within the 3D
vector magnet, and the small angle magnetic scattering
was investigated as a function of both temperature and
magnetic field applied out-of-plane, i.e., along the beam
direction, as shown in Fig. 1(d). Representative scatter-
ing patterns obtained for helical and Sk phase of FeGe
are shown in Figs. 1(b) and 1(c), respectively. The he-
lical phase SAREXS pattern, obtained at zero field and
262K, is characterized by a ring-shaped intensity distri-
bution due to disorder. A weak four-fold symmetry is
apparent in Fig. 1(b) as well, indicative of two helical
domains locked in two perpendicular in-plane directions
due to the magnetocrystalline anisotropy. Figure 1(c)
shows the expected six-fold symmetric pattern stemming
from a well-ordered skyrmion lattice state (for FeGe ob-
tained at 272K and 60 mT).

A graphics processor unit (GPU)-supported finite-
difference micromagnetic package JuMag [50] was used
to investigate the skyrmion lattice phase. The minimal
model follows the work of Leonov et al. [27] and only in-
cludes exchange energy, DMI, and Zeeman energy. The
energy of the system is minimized using a gradient de-
scent method where the step-size is chosen according to
the Barzilai-Borwein rule. To determine the skyrmion
lattice constant at which the system has lowest energy
density, the total number of discretization cells was fixed
to be 460, 478, and 1 in z, y, and z, respectively, and
the cell size (dx and dy range from 0.8nm to 1.1nm,
whereas dz is fixed to 2nm) was varied for each ex-
ternal field value. The used parameters for FeGe are
the saturation magnetization My = 3.84 x 105 A/m, ex-
change stiffness constant A = 8.78 x 10712 J/m, and DMI
constant D = 1.58 x 1073 J/m? [51]. For Cupy0SeO3
the following parameters were used [52]: M, = 1.044 x
10°A/m, A =3.547x 10713 J/m, D = 7.43 x 107> J/m?.
Two-dimensional periodic boundary conditions are used
(whereas the demagnetization energy is ignored). It is
worth noting that in very thin samples (as considered
here), the confined geometry may amplify the demagne-

tization effect, from which skyrmions may be favored to
exist with modified size.

III. RESULTS AND DISCUSSION
A. DMagnetic phase diagrams

Magnetic scattering patterns were obtained as a func-
tion of field at various temperatures. Figures 2(a) and
2(b) illustrate the evolution of the SAREXS SkL pat-
terns as a function of field for FeGe (at 257K) and
Cuz08e03 (at 44K), respectively. Here, the change in
q when entering the skyrmion phase can be seen with
reference to the dashed circles which indicate the q ob-
tained from the zero field disordered helical state (at zero
field). For FeGe, at 96 mT, q in the skyrmion state is
initially small. With increasing field, q expands to its
maximum at 148 mT before a significant reduction occurs
towards higher fields (data shown for 168 and 192mT).
In stark contrast, for CusOSeO3 q only reduces slightly
when entering the skyrmion phase (see six-fold pattern
for 28 mT). This initial @ remains constant throughout
the skyrmion phase. Images are shown up to a field
of 40mT, above which the system starts to leave the
skyrmion pocket.

Magnetic phase diagrams were determined for FeGe as
field-temperature maps showing the scattered intensity
and the magnitude of the magnetic scattering vector, |q|
in Figs. 3(a) and 3(b), respectively. These were obtained
from the scattering patterns [example shown in Fig. 2]
by first integrating in rings to obtain the scattered inten-
sity as a function of |q|. Note that this analysis includes
all ordered skyrmions (single- and multi-domain), and
excludes other magnetically ordered phases, such as the
helical or conical phase, which can be distinguished by
their unique scattering patterns and different q values.
A Lorentzian was fitted for each image, parameterized
by a peak position, intensity, and width. The intensity
and peak position |q| are shown in Figs. 3(a) and 3(b),
respectively. Two clear pockets of strong scattered in-
tensity are shown in Fig. 3(a) which correspond to the
helical (Hel) and skyrmion (SkL) magnetic phases. These
pockets extend up to T ~ 273 K and to the upper critical
field, Hgo, beyond which the scattered intensity vanishes
for the ferromagnetic phase. For Cuy;OSeQOgs, due to the
constant |q|, such an analysis is obviously not possible.
A magnetic phase diagram, obtained by measurements
in reflection, can be found in Ref. [45].

Figure 3(b) shows the corresponding variations in |q]
for FeGe across the phase diagram where a scattered in-
tensity can be measured above the noise level. Significant
changes in |q| are observed across each phase pocket. In
particular, for the skyrmion phase, the maximum |q| is
found for magnetic fields in the center of the phase pocket
with a decrease in |q| observed for both higher and lower
fields. Furthermore, this maximum |q| also increases as a
function of temperature, reaching a maximum just below
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FIG. 2. Magnetic scattering patterns for (a) FeGe and (b) CuzOSeOs. (a) FeGe for different fields at 257 K. In zero field, the
disordered helical phase can be seen, for which q is maximal (as indicated by a dashed circle). Increasing the field towards
100 mT, the system is driven into the SkLL phase showing a six-fold symmetric scattering pattern. The appearance of several
six-fold sets is indicative of a multidomain state. Increasing the field further results in an increase in q until a maximum is
reached at ~148 mT before a considerable shrinking in q towards the border of the SkL pocket at higher fields. The white
arrows in the images illustrate the trend in q as the field is increased. (b) CuzOSeQOs for different fields at 44 K. As above, the
dashed circle indicates the disordered helical phase with maximal q (in zero field). Upon entering the SkL phase (~25mT), six
diffraction peaks are clearly visible, with a q slightly lower than in the helical phase. This q remains constant throughout the

SkL phase pocket.

Tc. The helical phase also shows a decrease in |q| with
an increase in magnetic field but with a negligible tem-
perature dependence. Figure 3(c) shows cuts through the
phase diagram at constant fields as indicated. The tran-
sition temperature is at its maximum for the lowest field
value that stabilizes the skyrmion phase, and decreases
with increasing field.

B. Temperature- and Field-Dependence of g for
FeGe

The evolution of |q| for FeGe as a function of mag-
netic field at five selected temperatures is shown in Fig.
4. The helical phase present at lower fields has a |q| that
decreases with increasing field, accompanied by a loss in
scattered intensity [53]. For temperatures above 251K,
Figs. 4(b)—4(e) also show the skyrmion phase with a more
complex |q| dependence. With increasing field, |q| first
increases to a maximum before a more rapid decrease oc-
curs with a loss in scattered intensity towards the upper
critical field. This change in |q| appears as a character-
istic crescent-like feature, which is most pronounced at
257K [Fig. 4(c)] where |q| changes with increasing field
from 0.85 to 0.90, and down to 0.80 nm~!. The largest
change in |q| of 15% was observed at 268K [Fig. 4(d)].
Comparing the panels in Fig. 4, the crescent-shaped fea-
tures shift towards lower fields as the temperature is in-
creased. This behavior is trivial and can be revealed by
rescaling the applied field by the upper critical field for

each temperature. As a function of this reduced field,
the crescent shapes line up with each other, as shown in
Fig. 3 in Ref. [53], and they appear to be almost flat (i.e.,
field-independent) in the middle of the skyrmion pocket.
Note that the maximum |q| in the skyrmion phase in-
creases as the temperature is increased.

C. Micromagnetic Simulations

Standard micromagnetic simulations were performed
to calculate the skyrmion lattice in thin films by minimiz-
ing the system’s energy following the approach of Leonov
et al. [27]. Figure 5 shows on the left the simulated real-
space skyrmion lattice and on the right the corresponding
simulated SAREXS patterns for FeGe [46]. The distances
between the skyrmion centers in Figs. 5(a)-5(c) are 85.6,
82.8, and 94.8 nm, respectively, for applied fields of 60,
140, and 270 mT. The corresponding simulated SAREXS
intensities are shown in Figs. 5(d)-5(f); |q| has its maxi-
mum value for an applied field of 140 mT. The crescent-
shaped |q|(B) behavior is qualitatively well reproduced
by the simulations with |q| first expanding before un-
dergoing a more rapid contraction with increasing field.
Our findings are in agreement with previous theoretical
studies [54-56], and complement the Lorentz transmis-
sion electron microscopy based study on membranes by
McGrouther et al. [39].

For Cuy0SeQg, the simulations shown in Fig. 6 con-



C T ]
0 8 16 24 32 40 48 56 64 72
Intensity (arb. units)

=
£
i)
°
* 250 — 0.07 0.08 0.09
e lalm
200 b
— 180 mT
W———160 mT -
150 =140 mT |
N —120 mT
100 —100 mT —
50 |
0 m
0092 T T T T T T
0.090
0.088
0.086
= 0.084
£
T 0.082

0.080

0.078

180 mT E

0.076

245 250 255 260 265 270 275
Temperature (K)

FIG. 3. Magnetic phase diagrams for FeGe. Maps of (a) the
scattered intensity, and (b), the magnitude of the magnetic
scattering vector q as a function of temperature and magnetic
field. Pockets representing the helical (Hel) and skyrmion lat-
tice phase (SkL) are labeled and above Tc ~ 273 K the mag-
netic intensity vanishes. (c¢) Constant field cuts through the
phase diagram showing the temperature-dependent evolution
of |q|.

firm that within the experimentally determined skyrmion
phase pocket reaching from 20 to 40 mT, |q| remains con-
stant. On the other hand, in the transition region from
the skyrmion to the conical phase at high fields, in which
both phases may coexist, the skyrmion lattice constant is
indeed increasing, analogous to FeGe. We find that the
addition of a cubic anisotropy term has only negligible
effects on the behavior of CupOSeO3. Note that the |q]
values obtained by micromagnetic simulations using the
minimal model deviate from the experimental values as,

e.g., demagnetization has not been taken into account.
Also, for a quantitative agreement, effective materials
constants have to be used.

D. Discussion

For FeGe, at low fields, the individual skyrmions are
large, occupying the majority of the unit cell within the
lattice. The skyrmions therefore sense the boundary and
adopt the six-fold symmetry of the lattice. With an
increase in field, the size of skyrmions shrinks in order
to minimize the Zeeman energy contribution from spins
not aligned with the applied field [55]. As a result, the
skyrmions are now radial symmetric and smaller than
the unit cell. This shrinking of the skyrmion reduces the
constraint on the size of the lattice, i.e., the lattice pa-
rameter shrinks and |q| increases. In contrast, skyrmions
in MnGe which form a square lattice with a different
symmetry [54], show a period that is independent of the
applied field [57].

With a further increase in field, the FeGe skyrmion
lattice constant increases, driven by the relative domi-
nance of the Zeeman energy over the DMI and exchange
energy contributions, as shown in Fig. 7. This leads to
smaller skyrmions surrounded by larger areas of field-
aligned spins. In other words, the lattice parameter is in
part limited by the size of the skyrmion, which depends
on the relative orientation of the field and the magne-
tization in the center of the skyrmion. When both are
parallel, the spin alignment in the center is favored, thus
increasing the radius of the skyrmion and vice versa [54].
For very high fields, this eventually leads to the breakup
of the SKL lattice and its transformation into a set of
isolated repulsive skyrmions, as described in earlier theo-
retical studies [54, 55]. Note that our scattering measure-
ment is not sensitive to single or unordered skyrmions,
which also excludes the study of precursor phenomena in
this area of the phase diagram [58].

The discrepancy between the behavior of FeGe and
that of CuyO0SeQg, i.e., the absence of skyrmion lattice
breathing, may well be due to the smaller relative field
range of the skyrmion pocket. Whereas for FeGe the field
roughly doubles across the pocket, it only changes from
~28 t0 40 mT in case of Cuy0SeO3. From the micromag-
netic simulation it becomes clear that the biggest change
is to be expected for higher fields close to the bound-
ary of the skyrmion pocket, which is however a mixed
phase region in case of CusOSeO3. Finally, we would
like to emphasize that the observed effects, although most
likely present near the surface in bulk samples, will not
be picked up by volume-averaging techniques like SANS.

IV. CONCLUSIONS

In summary, we have studied the field- and
temperature-dependence of the reciprocal lattice vector
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FIG. 4. Evolution of the magnetic scattering vector |q| for FeGe as a function of field and temperature. Plots of the scattered
intensity as a function of both |q| and magnetic field showing the field dependence of |q| for both the helical phase at low
fields and the skyrmion lattice phase towards higher fields. (a) At low temperatures (246 K) only the helical phase can be seen
with a |q| that reduces with increasing field until the phase vanishes above ~100 mT. (b-e) At higher temperatures, >251 K,
the SKL phase appears with a |qg| that first increases to a maximum followed by a sharper decline with increasing fields. This
crescent-shaped feature is most pronounced at 257 K in (c). Both phases coexist up to Tc.
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FIG. 5. Micromagnetic simulations: Real-space skyrmion lattice and SAREXS patterns for FeGe. Micromagnetic simulations
of the real-space (a,b,c) and the derived SAREXS intensities (d,e,f) for the SkL in an out-of-plane field of 60, 140, and 270 mT
respectively. Close-ups in the adjacent rows illustrate clearly a monotonic decrease in skyrmion size with applied field despite
an initial shrinking of the SkL lattice constant between 60 to 140 mT followed by a subsequent expansion at 270 mT. The
SAREXS patterns show a consistent increase followed by a decrease in |q|. For comparison, in (a,b,c), the size of a single
low-field skyrmion is indicated by a hexagon and a circle; and the lattice by a larger hexagon connecting the skyrmion centers.
The dashed circle in (d,e,f) represents the maximum |q].

q of the SkL phase in FeGe and Cuy;0SeO3 membranes
using high-resolution small angle x-ray scattering. The

plained alongside micromagnetic simulations. At higher
fields, the lattice parameter expands to the point where

SkL phase in CusOSeO3 shows a rigid skyrmion lattice
with no detectable field and temperature dependence, in
agreement with the common conception of the equilib-
rium SkL phase in chiral magnets. In stark contrast,
in FeGe, |q| is strongly field and temperature dependent
and shows a crescent-shaped variation which has been ex-

the skyrmion lattice breaks apart at the upper critical
field. At lower fields, the shrinking of the lattice parame-
ter becomes constrained by the increasing skyrmion size.
Energy minimization within the skyrmion internal spin
structure determines the energy balance of the system re-
sulting in the increase in skyrmion size, forcing the lattice
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FIG. 7. Plot of the energy densities as a function of applied
field. The total energy (black) is composed of exchange (red),
Zeeman (blue), and DMI (green) terms.

parameter to increase again at lower fields. This mech-
anism is not yet active in CusOSeO3 due to the smaller
extension of the skyrmion phase pocket. For the develop-
ment of future spintronic applications, understanding the
behavior of the individual skyrmions and the skyrmion
lattice in chiral magnets in general is crucial. Our work
highlights the importance of the fine energy balance in
noncentrosymmetric chiral magnets, which is especially
important for thin films and membranes.
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