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Owing to the experimental discovery of magnetic skyrmions stabilized by the Dzyaloshinskii-
Moriya and/or dipolar interactions in thin films, there is a recent upsurge of interest in magnetic
skyrmions with antiferromagnetic spins in order to overcome the fundamental limitations inherent
with skyrmions in ferromagnetic materials. Here, we report on the observation of compact ferrimag-
netic skyrmions for the class of amorphous alloys consisting of 4f rare-earth and 3d transition-metal
elements with perpendicular magnetic anisotropy, using a DyCo3 film, that are identified by combin-
ing x-ray magnetic scattering, scanning transmission x-ray microscopy, and Hall transport technique.
These skyrmions, with antiparallel aligned Dy and Co magnetic moments and a characteristic core
radius of about 40 nm, are formed during the nucleation and annihilation of the magnetic maze-like
domain pattern exhibiting a topological Hall effect contribution. Our findings provide a promising
route for fundamental research in the field of ferrimagnetic/antiferromagnetic spintronics towards
practical applications.

Stabilized by the bulk Dzyaloshinskii-Moriya interac-
tion (DMI), skyrmion lattices with swirling magnetic tex-
tures have been originally predicted by Bogdanov et al.
[1, 2] and later observed in non-centrosymmetric sin-
gle crystal helimagnets [3–13]. The equilibrium condi-
tions [14, 15], which satisfy the stability criteria for the
formation of a robust Bloch-skyrmions lattice, fill only
a narrow pocket of the magnetic phase diagram, usu-
ally of few tens of milli-Tesla and few degrees Celsius
around the onset of the ordering temperature which is
well below room temperature. Different approaches have
been pursued to either stretch the skyrmion pocket to-
wards room temperature, e.g., by reducing the dimen-
sionality of the crystal using epitaxial thin films [16, 17]
or by making use of interfacial DMI present in ultrathin
films and multilayers leading to the formation of Néel
skyrmions [18–27]. For the latter case, recent observa-
tions revealed that skyrmions can be created and ma-
nipulated at room temperature, which makes such topo-
logical protected states particularly exciting for future
spintronic applications [5, 7, 18, 28–30]. As exciting, it
is suggested that skyrmions can occur also in systems
which do not exhibit an intrinsic DMI, but a so called
effective DMI that may result from mechanisms involv-
ing magnetic frustration like curvature-induced DMI [31–
34], noncolinear type of magnetic interactions [35], and
stray fields for systems with relatively strong perpendic-
ular magnetic anisotropy [36].

In practice, however, the relative slow and pinning-
dominated current-driven dynamic behaviors of the fer-
romagnetic skyrmions [21, 23, 26] will limit their poten-
tial for future spintronic applications. Moreover, the
interaction between spin-polarized currents and ferro-
magnetic skyrmions result in a non-collinear skyrmion
movement in respect to the current flow direction known
as the skyrmion Hall effect (SkHE) [10, 25, 37]. The

skyrmion Hall effect, which is detrimental for applica-
tions, is proportional to the net magnetization. Hence,
antiferromagnetic (AF) skyrmions were proposed to sup-
press the SkHE [38, 39], however, such skyrmions have
been experimentally realized so far only in synthetic an-
tiferromagnets [40–42]. Ferrimagnetic systems may open
an alternative route towards the realization of skyrmion
systems suitable for applications. Particularly, ferrimag-
netic films of amorphous alloys consisting of 4f rare-earth
and 3d transition-metal elements (RE-TM alloys) ex-
hibiting perpendicular magnetic anisotropy are attract-
ing very much attention because of their versatile mag-
netic properties [43–50]. First realizations of skyrmions
in ferrimagnetic RE-TM alloys were reported only re-
cently, e.g., showing a promising reduction of the SkHE
[51] or even a complete suppression of the SkHE at the
angular momentum compensation temperature [52].

Ferrimagnetic RE-TM alloy films with perpendicular
magnetic anisotropy [50, 54, 55] are generally expected
to host an eventual skyrmion state due to the bulk DMI
resulting from the asymmetric distribution of the elemen-
tal content [53], or the weak interfacial DMI induced by
the capping layer[56]. Notably, the absence of a cen-
ter of inversion symmetry in amorphous materials inher-
ently causes a non-vanishing DMI [57]. For the partic-
ular case of DyCox a few studies exist that indicate the
existence of DMI for both single crystal and amorphous
films [48, 62, 63]. For instance, for amorphous DyCo3.4 it
is observed that the Dy moments exhibit a sperimagnetic
arrangement, whereas the Co sublattice is ferromagneti-
cally ordered [63].

Here, we report on the observation of skyrmions in
this class of materials by investigating a ferrimagnetic
DyCo3(50 nm)/Ta(3 nm) film by means of x-ray mag-
netic circular dichroism (XMCD), small angle x-ray res-
onant magnetic scattering (SAXRMS), high-resolution
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FIG. 1. X-ray magnetic scattering results for DyCo3 at 90 K.
(a) Layout of the SAXRMS experiments: the maze-like do-
mains produce donut-shaped scattering pattern recorded by
a charge-coupled device (CCD) camera. (b) Perpendicular
magnetic hysteresis loop of DyCo3 obtained by XMCD. (I)-
(VII) mark the fields for which the scattering patterns in
(c) were required. (d) Intensity profiles extracted from the
diffraction pattern via azimuthal averaging of the scattering
patterns. The solid lines are fits to a split Pearson type VII
distribution to determine Qmax. (e) Field dependent sizes of
the magnetic unit cell of DyCo3.

scanning transmission X-ray microscopy (STXM) with
circular polarized x-rays, and Hall transport technique.
The skyrmion phase is observed for magnetic fields in
the transition region to a single domain state, providing
an additional topological Hall resistance that is linked
to the topology of the skyrmion’s magnetization texture
[58]. The magnetic microstructure of the skyrmions is
found to consist of a broad shell and a point-like core, re-
ferred to as compact skyrmions [13, 59–61], which can be
explained by the intrinsic magnetic material constants,
thereby providing access to the strength of a DMI-like
effect of the DyCo3 film.

The influence of a perpendicular magnetic field on
the domain structure of DyCo3 film was investigated at
90 K by means of SAXRMS. Using a beam diameter of
120 × 50 µm2, this study confirms that the statements
made in the following, in particular in the context of

skyrmion formation, are valid over the whole macroscopic
sample. In order to avoid overexposure of the CCD de-
tector, the direct beam was blocked by a beamstop with
300 µm in diameter (Fig. 1a). The photon energy of
the circularly polarized X-rays was fixed at 1294.3 eV
corresponding to the Dy M5 absorption edge, where the
XMCD effect is maximized [54] (see Fig. 2a). Fig. 1b
shows the magnetic hysteresis loop obtained by XMCD
at Dy M5-edge and Fig. 1c shows the corresponding
SAXRMS patterns for different magnetic fields labeled
as (I) to (VIII) (-0.18 to 0.43 T). The sheared regions
of the magnetic hysteresis loop and the corresponding
donut-shaped scattering patterns as shown in Fig. 1c, re-
flect a maze-like domain configuration with alternating
up and down domains. The radius of the ring with the
maximum scattering intensity at Qmax corresponds to
the periodicity of the domain pattern, which is twice of
the average domain size [64–66]: D = π/Qmax. Fig. 1d
shows the azimuthally averaged intensity vs scattering
vector Q of the patterns given in Fig. 1c.

To determine the scattering vector Qmax of the spectra
S(Q) and hence the average domain size D as a function
of magnetic field, they were fitted using a split Pearson
type VII distribution [65]:

S(Q) = S0[1 +
(Q−Qmax)2

mα2
]−m (1)

The D vs field behavior is given in Fig. 1e. The size of
the magnetic unit cell decreases with increasing the field
until the maze domain phase with a similar size of up
and down domains is reached (0.05-0.26 T, states (IV)-
(VI)). The average domain size (half of the magnetic unit
cell) evolves from a high value equal to ∼200 nm right
after the nucleation field region down to about ∼115 nm,
close to the anihilation region of these magnetic textures.
Note that at the border to the nucleation and anihilation
regions, the reciprocal map exhibits a broad scattering
pattern, which does not form a well defined donut-like
shape. This is indicative for the formation of small mag-
netic domains.

To reveal the details of the nature of the magnetic do-
main structures, in particular the eventual formation of
ferrimagnetic skyrmions in this system, we performed
element-specific STXM in the presence of an external
perpendicular magnetic field at 90 K. The results are
summarized in Figure 2. The polarized x-ray absorption
spectra (XAS) at the Co L2,3 and Dy M4,5 edges, which
were acquired at negative field saturation with circularly
left (CL, blue curve) and right (CR, red curve) polarized
x-rays, are shown in Fig. 2a. The XMCD signal, negative
for Dy at the Dy-M5 edge and positive for Co at the Co-
L3 edge, revealing the ferrimagnetic alignment between
the Dy and Co moments, with the magnetization of Dy
oriented along the magnetic field [54]. The insets of Fig.
2a show STXM images of the skyrmions for both the Co
L3 and Dy M5 edge. At the field of µ0Hz = −0.09 T ,
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FIG. 2. STXM of domain structures at 90 K. (a) The X-ray
absorption spectra at Co L2,3 and Dy M4,5 edges acquired
for CL and CR polarization and negative field saturation,
showing the ferrimagnetic alignment of Dy and Co moments.
The insets show STXM images for CL polarization of ferri-
magnetic skyrmions at a field of -0.09 T with opposite con-
trast for Co and Dy sites. (b),(c) STXM images acquired at
the Co L3 edge and different perpendicular magnetic fields
as labelled, displaying ferrimagentic skyrmions and maze-like
domain structures (d) and the bottom panel in (b) show cor-
responding high resolution images.

ferrimagnetic skyrmions are observed for both Co-L3 and
Dy-M5 edges. The inverted contrast particularly reveals
the ferrimagnetic nature of the skyrmions.

Starting from magnetic saturation the nucleation of
multiple isolated ferrimagnetic skyrmions is observed at
a field of -0.110 T as shown in Fig. 2b. Some individ-
ual skyrmions with quasi-circular shape are shown with
higher magnification at the bottom of panel (b), demon-
strating skyrmion dimensions in the range of 100 nm.
When the external magnetic field is further increased,
the ferrimagnetic skyrmions begin to merge, transform-
ing into a maze-like domain structure up to +0.24 T, as
depicted in Fig. 2c, d. The latter images demonstrate
the growth of Co down domains at the expense of up
domains with increasing field strength.

In order to quantify the lateral skyrmion profile in
great detail, we performed high resolution STXM for CL
and CR polarized x-rays (Fig. 3a) resonantly tuned to
the Co L3-edge for an external field of µ0Hz = -0.09
T, where isolated skyrmions are present. A significant
gradient in the transmitted intensity can be clearly seen
down to the center of the skyrmions, indicating the for-
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FIG. 3. Magnetic profile of ferrimagnetic skyrmions. High
resolution STXM images showing the transmitted X-ray in-
tensity I+ and I− for CL (a) and CR polarized x-rays
(b), respectively, resonantly tuned to the Co L3-edge at
90K and µ0Hz=-0.09T. (c) Map of the the magnetic con-
trast , i.e., perpendicular component of Co magnetization
mz,Co = Mz,Co/MS,Co (MS,Co: Co saturation magnetiza-
tion), obtained from the XMCD intensity given as ln(I+/I−).
The rather broad skyrmion wall width w and the narrow
skyrmion radius R result in a loss of the magnetic contrast
in the skyrmion center. Vertical (d) and horizontal (e) mag-
netic profile of the ferrimagnetic skyrmion picked from (c) as
indicated by the green circle. The dots give the experimen-
tal profiles while the green curves show the skyrmion profile
according to Eq. (2) which is obtained by a deconvolution of
the experimental with the Gaussian beam profile (FWHM of
65 nm). The green curves are the calculated convolutions of
the beam profile and the skyrmion profile perfectly describ-
ing the experimental data. (f) Cross sections of the selected
skyrmion (green and blue dots) shown together with calcu-
lated profiles (solid lines) of isolated magnetic skyrmions for
various κ taken from Ref [64].

mation of compact skyrmions with the inner domain re-
duced to a point-like core [13]. In contrast to this, bub-
ble skyrmions exhibit thin domain wall widths and broad
skyrmion radii [36]. For compact skyrmions the skyrmion
profile can be modeled by the Walker-like domain wall
solution of a standard 360◦-Néel wall:

Θz(r) = 2 arctan{ sinh(R/w)

sinh(r/w)
} (2)
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where Θ, R, and w defines the polar angle of the mag-
netization at position r, the skyrmion radius and mag-
netic wall width, respectively. The magnetic contrast is
shown in Fig. 3c, which is a convolution of the skyrmion
profile and a two dimensional Gaussian function with a
FWHM of 65 nm, corresponding to the lateral resolu-
tion of the STXM measurements. Hence, the reason for
the apparent vanishing magnetic contrast in the center of
the skyrmions stems from the comparable size of lateral
resolution and skyrmion radius.

A quasi-circular ferrimagnetic skyrmion was selected
from Fig. 3c (green circle) to investigate its profile along
two orthogonal directions (Fig. 3d, e). The skyrmion
profiles are well reproduced by Eq. 2 with a domain wall
width of w = 50 ± 5 nm and a skyrmion core or center
radius of R=35± 5 and 42± 5 nm for the profiles along
the vertical and horizontal direction, respectively.

According to Eq. 2, the classification of skyrmions,
whether bubble-like or compact with a point-like core, is
based on the R/w ratio: for R�w, bubble skyrmions ex-
ist, while for R/w <∼ 1 compact skyrmions are formed. As
pointed out by Büttner et al., the shape of the skyrmions
is determined by the parameter κ = πDi/(4

√
AKeff ),

with Di, A and Keff representing the DMI constant,
exchange stiffness, and effective anisotropy, respec-
tively [36]. The effective anisotropy consists of magne-
tocrystalline and shape anisotropy. The saturation mag-
netization per DyCo3 cluster is 2.5-3.5 µB below 150 K
and drops to 1.0 µB above 200 K [54]. Thus, at tem-
peratures below 90 K used in this study the magneto-
static interaction is rather strong providing a significant
contribution to the stabilization of skyrmions. The mag-
netic profile of the skyrmion shown in Fig. 3d and 3e can
be well described for κ in the range of 0.5 to 0.7 (see
Fig. 3f). Considering an exchange stiffness of A=6 pJ/m
[50] and an effective anisotropy of Keff=2.5× 104J/m3,
the DMI constant is estimated to be in the range of
0.25-0.35 mJ/m2, which is in good agreement with the
value of 0.18 mJ/m2 determined for a 70 nm-thick DyCo4
film[48]. The domain wall width can be calculated to be
w = π

√
A/Keff = 49 nm, which is also in agreement to

the value of 50 nm obtained from the skyrmion profile
(Fig. 3d-e). In the presence of effective DMI the do-
main wall energy σw = 4

√
AKeff − πDi corresponds to

0.61 mJ/m2.

To investigate the electrical signature of the ferrimag-
netic skyrmions, magnetotransport measurements were
performed using a current density of j = 4 × 106Am−2

driven along the x-axis and the magnetic field applied
perpendicular to the plane of the film, i.e., H‖z (Fig. 4a).
The Hall resistivity ρxy (Fig. 4e) and longitudinal re-
sistivity ρxx (Fig. 4f) are measured at T=250, 175 and
50 K. The STXM images taken at slightly different but at
comparable temperatures of 90, 200, and 300K (Fig. 4b-
d) show maze-like domain states in the demagnetized
state whose domain size strongly increases with tempera-
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FIG. 4. Topological Hall effect of DyCo3. (a)Schematics for
the longitudinal (ρxx) and Hall resistivity (ρxy) measurements
impressing using perpendicular magnetic fields (Hz). (e) ρxy
and (f) ρxx vs Hz behavior for 50K, 175 K, and 250 K. STXM
images at T=90 (b), 200 (c), and 300K (d). (g) ρxy(Hz) and
ρmodel
xy (Hz) at 50 K shown for positive/negative field sweep di-

rections. The latter is obtained from the fits of the XMCD in-
tensity. (h) Topological Hall signal ρTxy=ρxy(Hz)-ρmodel

xy (Hz),
for both field sweep directions, which is non-zero in the field
region where individual skyrmions in a ferrimagnetic matrix
are formed.

ture. Hence, the domain wall density as well the conven-
tional positive domain wall resistance in ρxx(Hz), i.e.,
the difference in resistivity at zero field and saturation
∆ρDW , strongly increases with decreasing temperature
(Fig. 4(f)).

In the absence of topological entities the Hall resistivity
ρxy(Hz) consists of contributions from conventional and
anomalous Hall effects [67]:

ρmodel
xy (Hz) = R0Hz + RSMz(Hz) (3)

with R0 the conventional Hall coefficient, and RS the cu-
mulative anomalous Hall contribution from skew scatter-
ing, side-jump scattering, and the intrinsic (momentum
space) Berry curvature mechanisms [67].

In order to demonstrate for a topological Hall signal
caused by the skyrmions [27], the measured ρxy(Hz) sig-
nal at 50 K (see Fig. 4e) is compared with ρmodel

xy (Hz),
which is obtained from the Mz(Hz) behavior measured
by XMCD at the same temperature according to Eq. 3,
also accounting for the small normal Hall effect contribu-
tion. Obviously, in the region where individual skyrmions
are present, normal and anomalous Hall effects cannot
fully describe the data, therefore indicating the pres-
ence of a topological Hall effect (THE) contribution:
ρTxy(H) = ρxy(Hz)−ρmodel

xy (Hz). Such a addtional signal
is clearly observed as shown in Fig. 4h. The maximum



5

value of the THE of ∼ ±0.03 µΩcm is similar to the one
observed in Ir/Fe/Co/Pt multilayers [27].

The THE has been successfully used to indicated the
presence of ferromagnetic skyrmions in bulk systems and
multilayers. Trivial Néel or Bloch walls will not cause a
THE since the electrons will interact adiabatically with
these structures. In ferrimagnets, however, if a canting
between the RE and the TM atoms will occur in the
domain wall region, inhmogeneous effective fields may
emerge and give rise to the THE, especially when the do-
main wall width is comparable to the domain size. In this
case, the effect should certainly depend on the density of
the canted domain walls and their topology. Further in-
vestigations focusing on the domain wall spin structures,
will help to clarify the speculation of THE mentioned
above.

In conclusion, we have combined soft x-ray scatter-
ing and imaging techniques with transport measurements
to investigate the formation of compact ferrimagnetic
skyrmions in DyCo3 thin films with perpendicular mag-
netic anisotropy. Isolated skyrmions are imaged at 90 K
by STXM for narrow perpendicular magnetic field re-
gions. Starting at the magnetic saturation (mz= -1),
the skyrmions nucleate at µ0Hz= -0.11 T continuing
to merge when positively sweeping the magnetic field.
A second skyrmion regime is reached when applying
counter fields (Hz >0.25 T) that gradually annihilate the
maze-like domain pattern. The detection of a topological
Hall effect contribution indicates the existence of isolated
skyrmions in broader field regimes at a lower temperature
of 50 K. The magnetic microstructure of the skyrmions is
found to consist of a small core region of 40 nm and a sur-
prisingly broad outer wall width of 50 nm. The skyrmion
profile can be reproduced when considering the intrinsic
magnetic material parametes including a DMI constant
of about 0.3 mJ/cm2, which is consistent with previous
studies on DyCox films. The promising properties of fer-
rimagnetic skyrmions in DyCox alloy thin film systems
in combination with the possibility to easily tune their
magnetic properties by varying their stoichiometry might
be a promising route for skyrmions to be used in prac-
tical applications in future spintronic devices. In partic-
ular, the detrimental skyrmion Hall effect can be mini-
mized when setting the compensation temperature close
to room temperature, which possibly enable the realiza-
tion of functional skyrmion devices that can be operated
under ambient conditions. Future systematic investiga-
tions of the skyrmion pocket in the magnetic phase dia-
gram for DyCox and TM-RE alloys in general will reveal
their full potential.

The authors acknowledge the financial support for the
PM2-VEKMAG beamline by the German Federal Min-
istry for Education and Research (BMBF 05K10PC2,
05K10WR1, 05K10KE1) and by HZB. A.P.-K. grate-
fully acknowledges support from the DFG via Sonder-
forschungsbereich (collaborative research center) SFB

925 (subproject B3) and S. Rudorff is acknowledged for
technical support.

SUPPLEMENTARY-METHODS

The samples were prepared by magnetron sputtering
(MAGSSY chamber at BESSY) in an argon atmosphere
of 1.5×10−3 mbar with a base pressure of 5×10−9 mbar
at a deposition temperature of 300 K. Si3N4 membranes
with a surface area of 5×5 mm2 and a thickness of 100 nm
were used as substrates for the soft x-ray transmission
measurements including SAXRMS and STXM. A 3 nm
thick Ta capping layer was grown on the DyCo3 layer to
prevent surface oxidation.

SAXRMS experiments have been performed at the
VEKMAG end-station at the PM2 beamline, Helmholtz-
Zentrum Berlin (HZB). The diffracted x-rays are col-
lected on a Peltier-cooled square-shaped CCD detector
covering 2.1◦ at the working distance of this study. The
SAXRMS spectra (Fig. 1d) were retrieved by azimuthal
averaging of the 2D patterns (Fig. 1c) after background
subtraction and masking of beamstop shadow and charge
scattering streaks from the membrane edges. All intensi-
ties were normalized to the charge-scattering signal from
the membrane edges. The magnetic spectra were fitted
with a split Pearson type VII distribution.

Element-specific STXM measurements were performed
at MAXYMUS, beamline UE46 at HZB in the presence
of an external magnetic field, Hz parallel or antiparallel
to the x-ray beam. The difference between the effective
spotsize (65 nm) to the ideal resultion of the used
optics (32nm) can be explained by the partial coherent
illumination and defocussing issues due to thermal drifts
of the cryostat. The contrast of STXM image depends
on the relative orientation of the sample magnetization
and the X-ray polarization vector, being maximum for
parallel and minimum for antiparallel alignment.
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