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Magnetic skyrmions have attracted significant interest due to their topological spin structures and fascinat-
ing physical features. The skyrmion phase arises in materials with Dzyaloshinskii-Moriya (DM) interaction
at interfaces or in volume of non-centrosymmetric materials. However, although skyrmions were generated
experimentally, one critical intrinsic relationship between fabrication, microstructures, magnetization and the
existence of skyrmions remains to be established. Here, two series of CoFeB ultrathin films with controlled
atomic scale structures are employed to reveal this relationship. By inverting the growth order, the amount of
defects can be artificially tuned, and skyrmions are shown to be preferentially formed in samples with more
defects. The stable region and the density of the skyrmions can be efficiently controlled in the return magnetiza-
tion loops by utilizing first-order reversal curves to reach various metastable states. These findings establish the
general and intrinsic relationship from sample preparation to skyrmion generation, offering an universal method

to control skyrmion density.

Magnetic skyrmions are chiral quasiparticles and topolog-
ically protected, in which the spins point in all of the direc-
tions wrapping a sphere. Because of their topologically non-
trivial spin textures, magnetic skyrmions exhibit many fasci-
nating features, including emergent electromagnetic dynam-
ics [1], effective magnetic monopoles [2] and topological Hall
effects [3, 4]. Magnetic skyrmions were first experimentally
observed in B20 noncentrosymmertic crystals at low tempera-
tures and low fields [5—10] and subsequently detected in ferro-
magnetic (FM)/heavy-metal (HM) thin films with perpendic-
ular magnetic anisotropy (PMA). Due to the mirror symmetry
breaking plus spin orbit coupling (SOC) [11-15], interfacial
DM interaction is induced at interfaces, which competes with
SOC and dipolar interaction and stabilizes skyrmions even
up to the room temperature. To date, in various FM/HM
thin films such as Fe/Ni/Cu/Ni/Cu [16], Ir/Co/Pt [16, 17],
Pt/Co/Ta [18], Pt/CoFeB/MgO [18], Ta/Pt/Co/MgO,/Ta [19],
Ta/CoFeB/TaO, [20], and Ta/CoFeB/MgO [21], Néel-type
magnetic skyrmions at room temperature have been observed
and prototype devices have been achieved [22]. However, the
applied magnetic field to generate the skyrmion was previ-
ously empirically determined because of the lack of a univer-
sal principle [15, 18, 21, 23] and interestingly, the hystere-
sis loops in them are so similar that curved edges are essen-
tial for skyrmion generation despite of so different samples
[17, 18, 21, 22, 24]. Curved edges of hysteresis loops are
typical manifestations of multiple intermediate states during
magnetization, implying some correlation between the mate-
rial features such as defects and the skyrmions. Generally, the
material features are mostly determined in the sample prepa-

ration, thus clarifying the intrinsic relationship between fab-
rication, microstructures, magnetization, and skyrmions can
provide a comprehensive perspective on magnetic skyrmions,
which enables to establish guidance from sample preparation
to skyrmion generation and control.

Here, Ta/MgO/CoFeB/Ta ultrathin films with PMA are cho-
sen for investigation (Fig. 1a) because of the large skyrmion
size (I U m) at room temperature [3, 20-22], which can be
easily monitored utilizing a polar magneto-optical Kerr ef-
fect (MOKE) microscope. In the overwhelming majority of
CoFeB ultrathin films where skyrmions have been reported
[3, 20-22], the same growth order of sputtering Ta on CoFeB
was adopted for skyrmion generation. Even in studies re-
ported by Yu et al.[21] and Zazvorka et al. [25], an ultrathin
Ta interlayer was purposely introduced between CoFeB and
MgO layers, which was interpreted as playing a critical role in
tuning the PMA by the weakening the FeO and CoO bonds at
the interface. However, another possibility arises from the de-
tail of the preparation process. To data, MgO/CoFeB/Ta mul-
tilayers are commonly prepared by the sputtering technique.
It is known that neutron, proton or heavy ion irradiation can
create a large amount of defects in irradiated metallic mate-
rials [26]. In sputtering processes, Ta atoms have relatively
high momentum due to large Z, thus it is expected that more
defects should be induced at Ta/CoFeB interface by sputter-
ing Ta on the bottom CoFeB/MgO. If the growth order is in-
verted, the interfacial defect density should be far lower. In
this work, two series of MgO/CoFeB/Ta ultrathin films with
different growth order are employed to investigate the influ-
ence of defect (Supplementary Information S1).
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FIG. 1. Sample structure and magnetization reversal. a-c, Struc-
ture schematic (a), out-of-plane Kerr hysteresis loop (b), and MOKE
images (c) for Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5). d-f, Structure
schematic (d), out-of-plane Kerr hysteresis loop (e), and MOKE im-
ages (f) for Ta(5)/CoFeB(1.2)/MgO(3)/Ta(5). The MOKE images are
acquired by changing the out-of-plane field strength after the initial
positive field saturation. The scale bar is 20 um.

Fig. 1b shows a Kerr hysteresis loop with symmetric curved
edges, indicating a gradual multiple intermediate states dur-
ing switching. Fig. 1c shows the domain evolution in the
film of Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5) (in nm) under an out-
of-plane field. The magnetization exhibits a typical nucle-
ation reversal process, including four stages of nucleation
(Fig. 1c-1), expansion from nuclei (Fig. I¢c-2 and c-3), domain
expansion (Fig. 1c-4 and c-5) and reversal of hard entities
(Fig. 1c-6). The nucleation-dominated reversal is attributed to
the inhomogeneous film. Local defects give rise to a broad
inhomogeneous distribution of energy barriers, thus gener-
ating local magnetic entities with varying coercivity. Sev-
eral bubble-like magnetization configurations firstly emerge
at low applied fields (Fig. 1c-1), nucleated at local entities
with low coercivity (called “easy centres” here). A small
increase of the applied field accelerates the domain growth,
and the magnetization configurations transform to a labyrinth
phase (Fig. 1c-4). Then the domain wall expands with in-
creasing field and the labyrinth phase transforms to stripe do-
mains (Fig. 1c-5). When the field increases close to the sat-
uration, the stripe domains are reversed gradually, condense
at local entities with a high coercivity (called “hard centres”
here), and transform to bubble-like magnetization configura-
tions (Fig. 1c-6). Finally, these magnetic bubbles are thor-
oughly reversed when the applied field is large enough. In
previous works on Ta/CoFeB/metal-oxides thin films [3, 20—
22], the interfacial DM interaction and the generation of
magnetic skyrmions have been confirmed. Here, the mag-
nitude of the interfacial DM interaction is estimated to be
0.35 + 0.02 mJ/m? in our sample (Supplementary Informa-
tion S2). The interfacial DM interaction competes with SOC,

induces and stabilizes Néel-type chiral domain walls in the
Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5) film.
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FIG. 2. Analysis and evolution of magnetic skyrmions. Magnetic
force microscopy (MFM) imaging of individual skyrmions in single
pass MFM mode. a Skyrmions is imaged by frequency shift data
mapping under an applied perpendicular field H; = 2.5 mT. The black
line in the skyrmion image is the linescan across which the skyrmion
size is measured shown in the b. ¢ 3D mapping of MFM scanning
data of a.

In order to image the nucleation of skyrmions, single pass
magnetic force microscopy (MFM) mode was selected [27].
The sample Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5) was fixed on
MEFEM scanning stage by conductive adhesive under base pres-
sure of 3 x107% Torr. The sample was initially saturated
at 100 mT and the individual skyrmions was imaged at re-
versed 2.5 mT magnetic field. Fig. 2a show typical diameters
of 500 nm (measured by the linescan shown in the Fig. 2b)
for single magnetic skyrmions, whose out-of-plane moment
component is shown in frequency shift data mapping [28].
Fig. 2c illustrates the 3D mapping of frequency shift data. The
skyrmion bubbles are quite stable and did not vanish in the
near saturate external field during the MFM measurements.
Therefore, magnetic bubbles generated under external mag-
netic field excitation (Fig. 1c) are expected to be Néel-type
skyrmions [2, 29].

We have further carried out two series of compara-
tive magnetization tests for Ta(5)/MgO(3)/CoFeB(t)/Ta(5)
and Ta(5)/CoFeB(t)/MgO(3)/Ta(5) (Fig. 1d) specimens
(Supplementary Information S1 and S3).  Perpendicu-
lar Ta(5)/MgO(3)/CoFeB(t)/Ta(5) samples with different
CoFeB thickness show similar nucleation reversal process;
however, fast domain-wall propagation are observed in
Ta(5)/CoFeB(t)/MgO(3)/Ta(5) specimens during the whole
magnetization reversal process (Fig. le and f). Inter-
estingly, it is noted that magnetic skyrmions emerge in
Ta(5)/MgO(3)/CoFeB(t)/Ta(5) specimens, while rather than
in Ta(5)/CoFeB(t)/MgO(3)/Ta(5) specimens. The vastly dif-
ferent findings can be interpreted by their distinct material
features. Specimens in this work are all prepared by the
sputtering technique, in which Ta atom has relative high mo-
mentum due to high Z. Thus by sputtering Ta layer on bot-



tom CoFeB/MgO, the Ta atomic bombardment would induce
more defects. The corresponding STEM investigation indi-
cates the Ta/CoFeB interface in Fig. 3a is more indistinct
than that in Fig. 3b, confirming higher intermixing degree at
Ta/CoFeB interface of Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5) (Sup-
plementary Information S4). Our investigation is consis-
tent with the previous studies which found that the sputter-
ing will increase the interface roughness and form a mag-
netic dead layer [30, 31]. The MgO/CoFeB interface of sub-
strate/Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5) also shows tougher
and less distinct than that of Ta(5)/CoFeB(1.2)/MgO(3)/Ta(5),
which leads to the effective thickness change (inhomo-
geneous) of CoFeB layer and could be regarded as a
type of disorders. Meanwhile, it is noted that the
CoFeB layer in Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5) is semi-
crystalline with some local crystalline CoFeB grains about
1-2 nm are formed (Fig. 3a), while the CoFeB layer
in Ta(5)/CoFeB(1.2)/MgO(3)/Ta(5) is amorphous (Fig. 3b).
Therefore, the Ta atomic bombardment and the local
nanocrystallization can both induce more structural defects,
resulting in an inhomogeneous CoFeB layer. In the over-
whelming majority of literature reports, the same sputtering
of Ta on CoFeB layer was adopted for skyrmion genera-
tion in Ta/CoFeB/metal-oxides ultrathin films [3, 20-22]. As
skyrmions favour nucleation at a certain location which has
also been observed by Jakub Zazvorka et. in similar sam-
ple specimen[25], this phenomenon supports our hypothesis
about defect-correlated skyrmion generation. The sputtering-
and naocrystallization-induced defects give rise to the inho-
mogeneous distribution of energy barriers. Consequently,
magnetic skyrmions favour emerging at either easy centres or
hard centres, generating skyrmions with opposite magnetiza-
tion sign as shown in Fig. 1c-1 and c-6.

For deeply understanding of defect-correlated magnetiza-
tion and skyrmion generation, a simulation based on the
atomistic spin model was performed to investigate the influ-
ence of sputtering-induced defects on the magnetic anisotropy
(Supplementary Information S5). As shown in Fig. 3c, the
sputtering-induced Ta atoms are considered as non-magnetic
atoms and can be seen as missing atoms in the CoFeB layer.
It is assumed that the defects penetrate into the Ta coated
layer to the thickness #; dependent on the bombardment en-
ergy. In our simulation, the CoFeB layer is 1.4 nm thick and
two different thickness of the defect layer are considered. The
anisotropy values are calculated using the constrained Monte
Carlo Method [32]; details are given in Supplementary Infor-
mation S5. From the results in Fig. 3c, when the number of
defect atoms increase, the perpendicular anisotropy for the
whole system will also increase. Furthermore, the trend of
anisotropy changing depends on the number of non-magnetic
atoms. The PMA of CoFeB is provided by the hybrid between
Fe-3d and O-2p orbitals at the MgO interface [21, 30]. In the
simulation, we assume one monolayer atoms at MgO/CoFeB
interface providing local PMA, which is stable and unaffected
by the defect sites. However, due to a reduction in the effective
magnetic thickness, as shown in Supplementary Information
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FIG. 3.  Sputtering-induced different material features. a-
b, STEM images for Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5) and
Ta(5)/CoFeB(1.2)/MgO(3)/Ta(5), respectively. The Ta/CoFeB
interface in plane a is more indistinct than that in plane b, and the
CoFeB layer in plane a is semi-crystalline while the CoFeB layer
in plane b is amorphous. ¢, The atomistic spin model simulation of
defect-influenced magnetic anisotropy energy in the CoFeB single
layer. The defect density means the percentage of missing atoms in
the defect layer.

S5, the effective anisotropy can be described approximately
by the expression:

K=K (1+%F) (1)
where #;, t; are the thickness of the defect layer and the
film thickness respectively. € is the defect concentration
and KI=O.5K0a /ty with a the CoFeB lattice spacing, Ky the
anisotropy of the CoFeB layer in contact with the MgO layer,
and 0.5 is the coefficient calculated from bcc crystal structure.
This expression is plotted as solid lines in Fig. 3c and gives
good agreement with the simulations. Thus, the existence of
defects will lead to the nonuniform PMA distribution in the
whole sample. A local area having high defect density will
be hard to be reversed, thus generating hard nucleation point
named “hard centres”; reversely, a local area with low defect
density should be easy to be reversed, thus generating easy
nucleation point named “easy centres”.

To generate skyrmions by a magnetic field, a unidirectional
field was commonly applied on CoFeB ultrathin films15, 18,
21, 23, but its value was just previously empirically ad-
justed by increasing the field strength gradually until magnetic
skyrmions are generated15, 18, 21, 23. To date, how to realize
a controllable skyrmion generation by a magnetic field, such
as tuning the density and determining the stable region, is still
a challenge. Skyrmions are metastable and only stable in a
certain magnetic region. Because the applied field can trigger
the phase transition between skyrmions and other metastable,



creating magnetic skyrmions is inevitably to overcome energy
barriers existing between different spin textures. That means
magnetic skyrmions are stable only when they are trapped in
magnetic potential wells with local minimum free energy. Ac-
cording to the simulation results in Fig. 3, the defects induce
nonuniform anisotropy distribution in the system, which en-
hances the differences of energy barriers, leading to the for-
mation of many local magnetic potential wells. With the first-
order reversal curves (FORC) technique33, the return magne-
tization provides an unique way to achieve various meta-stable
states determined by these local potential wells, which can
then be utilized to control the density of the skyrmions. The
generation of a FORC is generally preceded by the saturation
of a system in a positive out-of-plane applied field initially.
The magnetization M is then measured starting from a rever-
sal field Hr back to positive saturation, tracing out a FORC.
Fig. 4a shows a family of FORCs measured at different Hr
with equal field spacing of 0.65 Oe. For each FORC with Hr
near the coercivity, an unusual valley is formed, showing a de-
layed magnetization behaviour that the domain reversal would
continue even though the applied field H is decreasing. The
delayed magnetization behaviour attributes to the magnetic af-
tereffect, caused by the thermal activation, and evidenced by a
time dependent magnetization measurement (Supplementary
Information S6). When Hr is larger than coercivity and close
to the saturation field, the delayed magnetization behaviour
is weakened gradually, accompanied with a clear left-valley-
shift (Fig. 4a).

As analyzed in Fig. 1b and c, only a few skyrmions are
generated by applying a unidirectional H. Differently, in the
return magnetization of FORCs (Fig. 4a), H is not the only
parameter controlling skyrmion generation, but the reversal
field Hr also plays a critical role. Here, the slope x¢ for each
FORC is defined as a derivative:

Koy (Hr H) = G

| (Hy=constant) (2)
With the variation of Hr, xd is scanned in the H-Hr
plane, mapping out a contour plot (Fig. 4b) or a 3D plot
(Fig. 4d). Magnetic skyrmions only emerge in Zones 1, 2 and
3 as shown in Fig. 4b and d. Here, the skyrmion field stability
is evaluated by the slope x¢, and simultaneously the influence
of the magnetic aftereffect is considered. For FORCs in Zone
1 (-4.2 Oe < H; < -1.6 Oe), several magnetic skyrmions are
initially nucleated at easy centres. The slope x¢ in Zone 1 is
approximately equal to zero, indicating a slight fluctuation of
M caused by H, thus magnetic skyrmions in this region are
field stable. However, due to the influence of the magnetic
aftereffect, skyrmions in the left of Zone 1 (H < 0 Oe,
marked by a red dash circle in Fig. 4b) will finally transform
to a multidomain phase after applying a fixed field (H <
0 Oe) and waiting time long enough. Therefore, magnetic
skyrmions are generated in the negative region of Zone 1,
but the real stable region is the positive of Zone 1. For Zone
2, H, is close to the saturation field and located at the curve
edge of the major hysteresis loop (Fig. 4c, marked in the red
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FIG. 4. Return  magnetization  analysis  for
Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5) film. a, A family of FORCs
with an out-of-plane field, showing obvious left-shift valleys (the
red dash line). The inset is the enlarged plot for FORCs marked in
the right rectangle. b and d, A contour and a 3D plot of the FORC
slope ¢ versus Hr and H. Zone 1, 2 and 3 is the skyrmion phase
diagrams determined by (H, H,). c, The enlarged plot for FORCs
marked in the bottom rectangle of plane a. The red line indicates Hr
required for the skyrmion generation. The yellow region highlights
the influence of the magnetic aftereffect. e, MOKE images for the
transition from stripe domain to skyrmion in the FORC with H, =
-21.8 Oe. The top-right labels are denoted as (H, H,) with the unit
of Oe. The scale bar is 20 um.

line). The FORC start from an initial high negative H, (-26.3
Oe < H, < -21.8 Oe), running a return magnetization. Take
the FORC with H, =-21.8 Oe as an example. Due to high Hr,
most area of the film has been reversed except some stripe
domains (Fig. 4e-1). With H decreasing, the stripe domains
keep on switching due to the magnetic aftereffect, and then
transform to magnetic skyrmions at hard centres (Fig. 4e-2).
Because the film cannot be thoroughly saturated in a return
magnetization process and the slope y¢ is a small value
fluctuating slightly, the magnetic skyrmions exhibit high field
stability, maintaining their bubble-like shapes in a wide field
range. With H further decreasing to -6.2 Oe and then to O
Oe, the skyrmion size enlarges and part of the new skyrmions
emerge because of a slight increment of x“ (Fig. 4e-3 and
e-4), attributing to the magnetization relaxation with H. In
Zone 2, the fluctuation of the FORC slope xd is weakened
with Hr increasing and the FORCs approach to the horizontal
gradually. In addition, the delayed magnetization is depressed
in high field region, thus the magnetic aftereffect influence is
restricted in a narrow range (8 H < 3 Oe, the yellow region
in Fig. 4c), leading to the elevated field stability. Independent
measurement is performed to verify the skyrmion stability.



Skyrmions are initially generated at H, = -23.7 Oe and H
= -12.0 Oe, and then H is tuned randomly in the range
from -2.0 Oe to -22.0 Oe; no deformation is observed in
the process, showing high topologically protected stability.
For Zone 3, the skyrmion generation is similar to that in the
major hysteresis loop, where only several skyrmions can be
generated at hard centres. Because the slope ¥ in Zone
3 is much larger than that in Zone 1 and 2, the skyrmions
are rapidly reversed and the sample is thoroughly saturated.
As analyzed above, although magnetic skyrmions can be
generated in Zone 1, 2 and 3; however, Zone 2 is the only
region to generate magnetic skyrmions with both high density
and high stability.

@ Easy center
@ Hard center
¢ Multidomain +* Saturation

NN
ATACN

Scheme Il

32 24 -16 8 0
Hr (Oe)

Zeeman Energy

\ N~/
- ALY g
Scheme |
FIG. 5. The density variation and the scheme for skyrmion gen-
eration. a-b, The density/amount and MOKE images of magnetic
skyrmions generated at H = 0 Oe for different FORCs. The top-right
labels in plane b are denoted as (H, Hr) with the unit of Oe. The scale

baris 20um . ¢, Magnetic energy potential scheme for skyrmion gen-
eration at different Zeeman energy.

Fig. 5a shows the skyrmion density for different FORCs at
a zero applied field. The skyrmion density is strongly affected
by Hr, and the highest density is 2 x10* mm~2 (Fig. 5b-
2) corresponding to the FORC with H, = -22.4 Oe. Here,
an energy potential scheme is proposed to interpret the influ-
ence of H, and why few skyrmions are obtained in the major
hysteresis loop (Fig. 5¢). In the major hysteresis loop, few
magnetic skyrmions are generated at low H because the quan-
tity of easy centres is too few (Fig. 1b-1). These skyrmions
rapidly transform to multidomain phases with H increasing.
Although new nuclei are successively generated in the wall
propagation process, they are rapidly submerged in the mul-
tidomain states (Scheme I of Fig. 5c). When H increases
close to the saturation field, most of hard centres are switched
except several with the very high energy barriers, thus the
amount of skyrmions generated at high H is also few (Scheme
Il of Fig. 5c). Quite differently, H is decreasing in the re-
turn magnetization of FORCs (Zone 2 in Fig. 4b), thus large
quantities of hard centres are exposed with the Zeeman energy
decreasing (Scheme II of Fig. 5¢). Consequently, the stripe
domains formed initially (H = H,) are easily trapped at the ex-

posed hard centres, and finally transform to metastable mag-
netic skyrmions with opposite chirality. When Hr increases
further and is closer to the saturation field, fewer hard cen-
tres are exposed, thus the skyrmion density decreases with Hr
(Fig. 5b).

In conclusion, we have elucidated the intrinsic relationship
between fabrication, microstructures, magnetization and the
skyrmion generation in the CoFeB/Ta ultrathin films. The
sputtering-induced defects cause generally the nonuniform
PMA distribution, which leads to the formation of local mag-
netic potential wells at defect sites during the magnetization.
With the FORC technique, the return magnetization can trap
and stabilize skyrmions in these potential wells, and thus the
skyrmion density and the stable region can be efficiently con-
trolled. These results establish a universal guidance from sam-
ple preparation to skyrmion generation, offering an general
method to control skyrmion density via the return magnetiza-
tion, which should also apply to other PMA FM/HM systems
for the skyrmion based spintronics applications.
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