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multilayers
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LUnité Mixte de Physique, CNRS, Thales, Université Paris-Saclay, 91767, Palaiseau, France.
(Dated: May 1, 2023)

Room-temperature stabilization of skyrmions in magnetic multilayered systems results from a fine balance
between several magnetic interactions namely symmetric and antisymmetric exchange, dipolar interaction, per-
pendicular magnetic anisotropy as well as, in most cases, Zeeman through an applied external field. Such
field-driven stabilization approach is however not compatible with most of the anticipated skyrmion based ap-
plications, e.g. skyrmion memories, logic or neuromorphic computing which motivates a reduction or a cancel-
lation of field requirements. Here we present a method to stabilize at room-temperature and zero-field, a densely
packed skyrmion phase in ferromagnetic multilayers with moderate number of repetitions. To this aim, we finely
tune the multilayer parameters to stabilize a dense skyrmion phase. Then, relying on the interlayer electronic
coupling to an adjacent bias magnetic layer with strong perpendicular magnetic anisotropy and uniform magne-
tization, we demonstrate the stabilization of sub-60 nm diameter skyrmion at zero-field with adjustable skyrmion

density.

Magnetic skyrmions in magnetic heterostructures are non-
collinear chiral 2D-like topological spin textures that have at-
tracted great attention in the last decade due to their remark-
able properties such as room-temperature (RT) stabilization,
small size in the range a few tens of nanometers, current-
driven mobility and electrical detection [1-4]. Building on
a rapid experimental progress, a variety of devices based on
skyrmions have been conceptualized for encoding informa-
tion, e.g. race track memories, logic devices or neuromor-
phic computing [5-10]. In order to control the static and dy-
namical properties of magnetic skyrmions, different material
systems have been investigated in order to stabilize different
skyrmion configurations going from individual skyrmions to
dense skyrmion lattices. Theses skyrmion systems can be fer-
romagnetic [3, 11-15], ferrimagnetic [16] or more recently
2D materials [17].

In most cases, the application of an external field of at least
a few tens of mT is required for the stabilization of a skyrmion
phase (SP), as the Zeeman energy is needed for the transition
from the topologically trivial maze-domain configuration at
zero-field. Nonetheless, in addition to the simple use of an
external field, other approaches have been proposed for nucle-
ation or stabilization of skyrmions such as current induced nu-
cleation [3, 4, 18], irradiation [19], probe interaction [20, 21],
X-ray illumination [22], ultrafast laser pulses [23] or artificial
defects created by lithography [24, 25] among others.

From a practical point of view, the precise control of the
external field allows to finely tune the skyrmion size as well
as the density [15, 26]. On a more fundamental aspect, Biit-
tner et al. [27] recently investigated the formation process
of skyrmion lattices at pico-second time scale by combining
an ultrashort laser pulse together with a static external mag-
netic field, that is required to break the time-reversal symme-
try. Hence, beyond the fact that it may be an obstacle for the
application of skyrmions in new types of computing devices,
the use of an external field can also be complication to ad-
dress experimentally some still-debated questions about the

actual skyrmion nucleation mechanisms and their time scale
[28]. To tackle this limitation, the stabilization of magnetic
textures without any external field still remains an important
challenge. Indeed, isolated skyrmions or skyrmionic bubbles
in ferromagnetic multilayers (MML) have been already suc-
cessfully stabilized at zero-field either in confined structures
[13], using the interlayer exchange interaction from a perpen-
dicularly magnetized single films [29, 30] or magnetic field
history [18, 31-33]. Note that for some applications, such as
reservoir or neuromorphic computing fields [34-36], there is
a clear advantage of working with dense skyrmion ensembles
instead of isolated skyrmions.

In this study, we demonstrate that zero external magnetic
field (zero-field) SP can be stabilized at RT. To this aim, we
first investigate the dependence of the skyrmion size and den-
sity on different parameters of the magnetic multilayers. The
first objective is to reduce the field required for the SP sta-
bilization down to a few tens of mT. Then we describe the
approach developed to stabilize zero-field SP in multilayers
relying on an indirect exchange interaction generated by an
additional bias layer with uniform perpendicular magnetiza-
tion. The effective magnetic field created by the bias layer
is electronically coupled to the skyrmion magnetic multilay-
ers through a non-magnetic (NM) layer replacing the exter-
nal field in stabilizing the SP. We demonstrate using magnetic
force microscopy (MFM) the stabilization of zero-field SP
with skyrmion diameter as small as 60 nm. Moreover, besides
the small skyrmion size, we demonstrate that their density can
be easily controlled by finely tuning the thicknesses of both
ferromagnetic (FM) and NM layers, which is not the case for
all the other approaches for having zero-field stabilization.

The magnetic multilayers have been grown by dc mag-
netron sputtering on thermally oxidized silicon wafers with
280 nm of SiO,, under 0.25 mbar dynamic Ar pressure (base
pressure is 7 x 1078 mbar). All the samples have a bottom
buffer layer made of Ta(5)|Pt(8) and capped with 3 nm Pt layer
to prevent oxidation, as schematized in Fig. 1(a). Alternating
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gradient field magnetometer (AGFM) and SQUID are used to
measure the anisotropy field Hk, and the spontaneous mag-
netization M. Magnetic imaging using MFM has been per-
formed with low-moment magnetic tips in double pass tap-
ping mode-lift mode. A custom made magnetic tip coated
with a 7-nm thick CoFeB layer has been used for its low mag-
netic moment in order to limit the perturbation of the magnetic
textures in the SP. The MFM setup is equipped with a variable
external field module which allows us to modify the external
field on demand between two different measurements. The
scanned area remains the same regardless small drifts due to
the external field and small temperature variations.

The stabilization of the skyrmion configuration and its final
characteristics is governed by the balance between the differ-
ent magnetic energies, i.e., the direct Heisenberg exchange
constant (A), the Dzyaloshinskii-Moriya interaction (DMI),
the magnetic uniaxial anisotropy (K) and the dipolar ener-
gies, necessitating a precise magnetic characterization of the
samples. The effective interfacial DMI (D) as function of
the thickness (Ds = Derfco) has been measured by k-resolved
BLS to be Dy = -1.27 pJ/m [37, 38]. We notice that, even if
the Pt thickness is only 0.6 nm, it results in an effective per-
pendicular anisotropy (PMA) and an amplitude of the DMI
close to the value of thick layers (~ 3 nm), as we previously
demonstrated in Ref. [38]. The thickness of Ru of 1.4nm
leads to a ferromagnetic RKKY interaction between two con-
secutive Co layers [39]. In recent work, we found that the ex-
change constant A depends on the FM thickness in the range
that we consider here. This parameter is taken to be equal to
A =23 pJ/m from [38].

In order to characterize the magnetic properties of the
MML as a function of 7c,, we grew a series of samples
with n = 10 varying fc, from 0.6 to 1.9nm. A schematic
view of the studied multilayers composed of a trilayer
of (Pt(0.6)|Co(tco)|Ru(1.4)) repeated n times is shown in
Fig. 1(a) (numbers in parentheses indicate the thickness of
each layer in nm). Through the out-of-plane hysteresis loops
shown in Fig. 1(b) together with in-plane hysteresis loops
(Fig.S1), the important magnetic parameters can be deter-
mined, namely the saturation magnetization (M;), the out-of-
plane (Hsy) and in-plane (Hg) saturation fields , the effective
(Kefr) and uniaxial anisotropies (K,) and the skyrmion den-
sity (pgr) and diameter (Dy;) measured from the MFM image.
Their evolutions with 7c, are shown in Fig. 1(c-h). The satura-
tion magnetization M fc, [Fig. 1(c)] displays a quasi-linear in-
crease with 7¢,. Note that a null magnetization is extrapolated
for finite 7c, ~ 0.4 nm, suggesting that, for this thickness, the
Curie temperature (7;) is below RT, similarly to what has been
found for similar magnetic trilayers (see Ref. [40]). The slope
indicates the intrinsic Mg = 1.56 &= 0.01 MA/m, a value close
to the bulk Co M value. The saturation field Hy, displayed in
Fig. 1(d) with black open dots shows a continuous increment
as a function of fc,, with a marked increase above 1.4 nm.
The in-plane saturation field Hx represented with open blue
dots decreases from 0.8 nm crossing Hy, at 1.6 nm, suggest-
ing the spin reorientation transition (SRT) from out-of-plane
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FIG. 1. a) Scheme of MML (Pt|Co(fco)|Ru)xyn, fco is cobalt
thickness, n number of repetitions, and H, the applied perpendic-
ular field; b) Room temperature out-of-plane hysteresis loops of
(Pt|Co(tco)|Ru) 10 for a fc, ranging from 0.6 to 1.9 nm. Black cir-
cles indicate the points at which MFM images shown in (i, j, k, 1,
m, n) were taken; c-h) Magnetic parameters as function of 7cq: )
magnetization at saturation M multiplied by the nominal Co thick-
ness (dotted blue line is a linear fit), d) out-of-plane H,y (black cir-
cles) and in-plane Hk (blue circles) saturation fields, e) effective
anisotropy energy K¢ (lines described in the text), f) corrected uni-
axial anisotropy energy K corr (blue dotted line described in the text),
g) Skyrmion density, pg and h) skyrmion apparent diameter Dgy cal-
culated from pg, and mean magnetization (red circles) and extracted
from MFM (red open triangles). i-n) Room-temperature MFM im-
ages at Hz\<M>:M,/2) for tco = 0.6nm (i), 0.8 nm (j), 1.4nm (k),
1.6 nm (1), 1.8 nm (m) and 1.9 nm (n).

to in-plane.
We then study the evolution of the effective anisotropy
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Kefr extracted from poHyg = 2Keir/Ms. This value is multi-
plied by Co thickness (Kcfrfco) to be represented as a func-
tion of ¢, in Fig. 1(e). From #co = 0.6 to 1.0nm, Keftco
first increases reaching the maximum value around fc, =
0.9—1nm. Thereafter Ksfc, decreases linearly up to the
largest Co thickness. We find the SRT from out-of-plane
to in-plane (K = 0) at tco, = 1.53 nm, in good agreement
with other series of (Pt|Co|Ru)y, that we studied recently
[38, 39]. The linear fit in Fig.1(e) (blue line) is expected
to have a slope equal to —uyM? /2 in the equation consider-
ing the shape anisotropy and a purely interfacial PMA only.
The estimated value is in fact not compatible with the value
of My deduced from Fig. 1(c), indicating that an additional
component is needed, to explain the data in panel (e). Sim-
ilarly, the calculated K, = Kef + toM?/2 is not constant.
Therefore, we need to consider the existence of a magneto-
crystalline anisotropy constant Ky . The linear fit in Fig.1(e)
suggests Ky c = —1.940.1 MJ/m? and K,, s = 3.8 0.1 mJ/m?.
The corrected K, (Kycorr) 18 represented with open squares
in Fig. 1(h). The fitting dashed blue line corresponds to the
expression Ky s/fco + Kuc. We analyze the evolution of the
magnetic configuration as function of 7c, under external field.
In Fig. 1(i-n) are shown the MFM images corresponding to
tco = 0.6, 0.8, 1.4, 1.6, 1.8 and 1.9nm respectively. The
objective is to determine fc, allowing to turn the stripe do-
mains into a densely packed skyrmion configuration at inter-
mediate state in the magnetization loop (< m; >=0.5). For
larger and moderate (but still positive) K.g values, we find that
only stripe domains or a combination of isolated skyrmions
together with meander domains are stabilized [see Fig. 1(i-)]
respectively. The SP can be stabilized at thicknesses smaller
than the SRT with slightly positive K¢ (1.4nm). However,
large Zeeman energy is required to reach a SP, hence requir-
ing field values near saturation. For < m, >=0.5, a moder-
ate number of skyrmions combined with domains is visible in
Fig. 1(k). Above SRT (i.e. K. < 0), the stabilization of SP
at < m; >=0.5 is possible as shown in Fig. 1(1). The thicker
the FM layer is, the higher is the ordering and the density
[Fig. 1(m-n)] for tc, =1.8nm and 1.9 nm respectively. The
density is analyzed from Fig. 1(g) finding that it increases ex-
ponentially up to 40 +2 sky/um~2 in agreement with [41].

In order to determine the evolution of Dy, we estimate
their actual value from pg and the m, value obtained in the
hysteresis loop at the same field that the one used for the
MFM images, i.e., Dg = /2(1 —m;)/(7ps) [open red dots
in Fig. 1(h)]. Following this approach, the Dy is found to de-
crease by 80% from tc, =1.4nm to 1.9 nm. A second method
to estimate the skyrmion diameter is to measure the full width
at half maximum (FWHM) of the corresponding skyrmions
from MFM phase signal. The results are shown with red trian-
gles in Fig. 1(h), presenting for both methods, the same trend
with a decrease with 7c, but less accentuated for the first one
(20%). From this analysis, we select fc, = 1.6 nm and n = 10
as it is the best compromise between order, density of the SP
and the external field requirements at < m, >=0.5.

Our objective is to optimize the stabilization of the SP and
to minimize the required external field. To achieve this, we
analyze the impact of the number of repetitions and the thick-
ness of the lower Pt layer on the saturation field, the dipolar
fields and the anisotropy. By considering these factors, we
can determine the effect on the pg or Dy of the SP. While
increasing the number of repetitions increases thermal stabil-
ity and signal-to-noise ratio, we find that it also implies an
increase of the external field that will be needed to stabilize
the skyrmions [42]. As < m; >= 0.5 is proportional to the
out-of-plane saturation field, we study the variation of H, to-
gether wit Hg extracted from the out and in-plane hysteresis
loops in different multilayers with n = 1 to n = 20 repetitions
(Fig.S2). As shown in Fig.2(a), Hgy follows approximately
a linear evolution up to n = 12, above which it remains con-
stant. However, Hg shows a continuous linear increase with-
out saturation, leading to an enhancement in both K¢ and K,
values [Fig. 2(b)]. For a number of repetitions larger than 10,
K¢ becomes positive increasing from -0.009 to 0.5 MJm-3.
Similarly K, increases from 0.36 to 5 MJm-3. In Fig.2(e-h),
we display the MFM images with n = 3, 5, 10, 15 and 20
as function of the minimum applied external magnetic field
UoH, allowing the observation of the transition from labyrinth
configuration into a SP, determining pgx and Dgk. The result
of the quantitative analysis is presented in Fig.2(c), show-
ing a monotonic increase (40%) of the py from n = 10 to
20. After studying the trend for the skyrmion diameter, it
becomes apparent that the two methods exhibit contrasting
trends. Dgovpm displays an upward trend with increasing n,
that is consistent with Ref. [32]. Both measurements inter-
sect after n =10 pointing to a dominant role of dipole fields
and in-plane fields effects for samples with more than n =10.

Following the results presented before, we will choose n =3
for the rest of the study, as being the best compromise between
the impact of the interlayer dipolar fields and a good thermal
stability. Thus, we can stabilize a dense SP with an external
field that is four times smaller than for the sample with n = 20.

For this number of repetitions, Hg, can then be further re-
duced by decreasing the dipolar fields through the increase of
the interlayer thickness of the NM layers. As shown Fig. 2(i),
we find a 1/t reduction of Hgy as function of the Pt thick-
ness (tp;) ranging from 0.6 to 8 nm, f,; being the total trilayer
thickness. In this case Hg remains almost constant. So for
thicknesses greater than 1nm both K¢ and K, remain con-
stant [Fig. 2(i)] even if the Pt layer is increased up to 8 nm. (In
Fig. S3 are shown the IP hysteresis loops confirming identi-
cal anisotropy values from tp; = 0.6 to 8 nm). In Fig. 2(m-o0),
we present the MFM images showing a SP configuration for
tpe = 3, 5 and 8nm. Even though the reduction of the ex-
ternal field is about 60% between fp; = 3 and 8 nm, both pg
and Dgvpm extracted from the MFM images are found not to
change significantly [see Fig.2(k-1)]. Note however that de-
termining Dy, from the m, and pg, the diameter increases by
more than 50 % when the Pt spacer layer increases from 0.6 to
8 nm [see open circles in Fig. 2(1)]. This suggests that the two
methods differ more when the dipole fields are smaller i.e. for
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FIG. 2. a) Hgy (black circles) and Hg (blue circles) as function of the number of repetitions n of (Pt(0.6)|Co(1.6)|Ru(1.4))x, multilayer. The
black dashed lines are guides for the eyes, blue dashed line is a linear fit. b) Effective K. and uniaxial K, anisotropy (right axis) as function of
n. ¢) Skyrmion density, pg, d) skyrmion apparent diameter Dy calculated from pg and mean magnetization (red circles) and extracted from
MFM (red open triangles) as function of the number of repetitions n. e-h) MFM images of SP of systems withn =3 (e),n =5 (f), n = 15 (g),
n =20 (h). i) Hgy (black circles) and Hg (blue circles) vs. Pt thickness (zp;) in (Pt(tp;)ICo(1.6)IRu(1.4))x3 multilayer. Hgy is adjusted with
1/t fit. j) Effective K. and uniaxial K, anisotropy (right axis) as function of fp; k) Skyrmion density, ps, 1) skyrmion apparent diameter Dgy
calculated from pg and mean magnetization (red circles) and extracted from MFM (red open triangles) as function of zp;. m-0) MFM images

of SP of systems with fp; = 3 nm (), fp; = Snm (d) and #p = 8 nm (e).

samples with lower number of repetitions. Then, we decide to
use the following stacking sequence for the skyrmion MML.:
(Pt(8)|Co(1.6)|Ru(1.4)) 3.

Thanks to the previously described optimization of the
MML properties, we find that a densely packed SP can be sta-
bilized at relatively low external field values. We can thus en-
visage to replace such external field by a bias field generated
by interlayer electronic coupling generated inside the MML
by adding some uniformly magnetized layers. In Fig.3(a), a
schematic view of the complete sample allowing the zero-field
stabilization of SP is presented. In addition to the already de-
signed Pt|Co|Ru multilayered stack that hosts the skyrmions,
it is composed of a bias layer (BL) grown on the the buffer
layer (Ta|Pt) and a NM spacer Pt coupling layer (CL) through
which the indirect exchange coupling is modulated. We show
here how the properties of the BL and CL may be engi-
neered. We first optimize the BL aiming at reaching a strong
enough effective field (H;:‘fil?s) needed to stabilize the SP. The
first important characteristic of the BL is that it should have
a large PMA together with a completely uniform magnetiza-
tion at remanence. The hysteresis loop of the BL composed of
(Pt(0.4)IC0(0.6)) x4 is presented as the black open dots curve
in Fig. 3(b). Note that we have chosen this final composition
after having studied the BL properties as a function of the
number of repetitions (see Fig. S4(a)) showing squared shape

with sharp transitions. The actual amplitude of Hg?s has been

experimentally estimated following the procedure that we de-
veloped in Ref. [39]. Further information can be found in
Fig. S4(c-d) of the Supplementary Material. The next step is
to optimize the thickness of the CL through which the BL is
electronically coupled to the skyrmion MML. We know from
the previous section that the H.g amplitude required to sta-
bilize the SP is ~ 25mT. The CL thickness determines di-
rectly the amplitude of the effective bias field H;’fifas acting
on the bottom of the skyrmion MML. The evolution of HZ
as function of t'ﬁ%as coupling layer is presented in Fig. 3(c), in
which we see that Hgfifas decays exponentially, almost vanish-
ing at #3% = 3nm. Note that the choice of the CL thickness
influences indeed also the magnetization reversal process of
the complete MML system. For example, we find that for
tf,’ias < 2.2 nm, the effective field Hé}ffas is too large, making that
the BL and the skyrmion multilayer are sufficiently coupled,
so that their magnetizations reverse simultaneously, hence no
skyrmion can be stabilized. In the inset of Fig.3(c), we dis-
play the experimental results showing Hebgfs vs HSVich  we
define HVP as the external field applied when the BL mag-
netization switching reversal occurs. The interesting coupling
regime is when the BL and the skyrmion MML switch inde-
pendently, keeping a large enough bias field. It corresponds to
13I8 ranging from 2.2 to 3.0 nm. More details about the rever-
sal mechanisms can be found in Fig. S4(b), where the loops
are labeled with arrows pointing at HSVih The hysteresis
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AGFM out-of-plane hysteresis loops of BL (black), MML (blue) and
BLIPt(2.3)IMML (red). c) Effective bias field (toHpias) as function
of Pt coupling-layer (tp;). The inset is HoHpias VS switching field
(HoHswitcn)- d-1) MEM images of as grown remanence after satura-
tion state for Pt coupling-layer thickness tp=3.0 nm (d, g), tp;=2.5 nm
(e, h), tp=2.3 nm (f, i).

loop of the complete system with a CL of t'P’iaS =2.3nmis dis-
played with red circles in Fig. 3(b), where the blue dot curve is
the loop of the skyrmion MML. The experimental procedure
to prepare magnetically the system leading to the zero-field
stabilization of SP consist first in a complete saturation of the
MML magnetization followed by sweeping the external field
back to zero [red arrows in Fig. 3(b)]. Red circles are initial
and final magnetization state.

In Fig.3 are presented the MFM images of the as-grown
magnetization state (d-f) and at remanence after saturation (g-
i) for three CL thickness, t'ﬁias =3.0, 2.5 and 2.3 nm. First, we
see that in the as-grown state, some large domains (/2 ptm size)
are present in the BL coexisting with smaller labyrinthine do-
mains from the skyrmion MML. On the contrary, after having
saturated the system applying H, > 80mT and returning to
remanence (see Fig.3 (g-1)), the bias layer magentization re-
mains monodomain and only the magnetic configuration from
the skyrmion MML is detected by MFM. For t]t,’%as =3.0nm,
the remnant structure consists of a maze-domain configuration
(see Fig. 3(g)). For tlE’iaS = 2.5 nm, the magnetic configuration

is mainly composed of skyrmions together with elongated do-
mains (see Fig.3(h)). Finally, for thtias = 2.3 nm presented in
Fig. 3(i), the MFM image clearly indicates that the zero-field
SP is stabilized.

In this part, we aim at investigating how pg and Dg
can be adjusted by finely tuning various MML parameters.
Beginning with the optimized system described above, i.e.,
BL|Pt(2.3)|[Pt(8)|Co(1.6)|Ru(1.4)]«3 we can slightly modify
anisotropies and dipolar fields in two ways: i) by increasing
fco using the system BL|Pt(2.3)|[Co(1.7)|Ru(1.4)|Pt(8)]«3,
and ii) by reducing the distance of the FM layers
varying the NM bottom layer thickness of the trilayer
from 8 to Snm. This yields the experimental system
BL|Pt(2.3)|[Co(1.6)|Ru(1.4)|Pt(5)]x3. We first analyze the
zero-field SP’s statistics of the optimized sample. In Fig. 4(a),
we present the corresponding MFM image, while the distri-
bution of the number of skyrmions as a function of Dgvrm
is shown in Fig. 4(b). The diameter distribution can be accu-
rately fitted with a Gaussian function, resulting in a mean di-
ameter of 85+ 5nm. Based on the analysis of a 5 x 5um?
MFM image, the density is found to be 10um~2, slightly
higher but in agreement with same system without the BL. In
Fig. 4(c), we display the resulting SP imaged by MFM at zero
field after saturation for the sample with #co = 1.7nm. As
expected, the correspondingly modified anisotropies and in-
terlayer dipolar fields leads to a different characteristics of the
zero-field SP. The Dgy mpvm distribution in Fig. 4(d) can be fit-
ted with a Gaussian function with mean diameter ~ 90+ 5nm
and with a density of 7.0um~2. Note that there is a reduc-
tion of about 30% of pg by increasing fco 0.1 nm (6%). Fi-
nally, in Fig. 4(e) is shown the MFM image of the system with
tpe = Snm. Note that for this sample, we had to use a lower
magnetization tip to measure without no apparent disruption
of the magnetic configuration, leading to a much lower MFM
contrast. In this case, the Dggvpp distribution is fitted with an
asymmetric Lorentz 20 function presenting a mean diameter
60+ 5nm and a density of 12 um~2, leading to a reduction
of the apparent MFM radius of almost 30%. Note that using
5 nm thickness of NM bottom layer, the required BL Hé’fifa‘s is
larger than the one for 8 nm [Fig.2(n-0)], hence there are a few
remaining wormy-like domains.

Finally, we discuss the role of the BL on the skyrmion char-
acteristics. pgx and Dgy have related to k that is the critical pa-
rameter describing the skyrmion stability (k = wD/4v/AKc)
[15, 43, 44]. Using the values that have determined experi-
mentally, we calculate that k parameter ranges between 0.2
and 0.35 at the maximum. These relatively low values seems
to indicate that the SP should be considered as configura-
tion with a large density of isolated skyrmions rather than a
real skyrmion lattice phase, that is expected only for x larger
than 1. Note however, that if K.¢ is used in the k calcula-
tions instead of Ky, as done often, such estimation of K can-
not be done in case K. <0. The behavior of pgy and Dg
with respect to K, are represented in Fig.4(g) and (h) re-
spectively. The general trends for pg and Dy following a
negative slope are in good agreement with results found by
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FIG. 4. (a) BL|Pt(2.3)|[Co(1.6)|Ru(1.4)|Pt(8)]«x3 sample. MFM
image of zero-field SP at remanence after saturation. (b) Corre-
sponding number of skyrmions distribution as function of Dgx pwHM
extracted by MFM image analysis. Black line is a Gaussian fit.
(c) BL|Pt(2.3)|[Co(1.7)|Ru(1.4)|Pt(8)]x3 sample. MFM image of
zero-field SP at remanence after saturation. (d) Corresponding
number of skyrmions distribution as function of Dg pwHm €X-
tracted by MFM image analysis. Black line is a Gaussian fit. (e)
BL|Pt(2.3)|[Co(1.6)|Ru(1.4)|Pt(5)]«3 sample. MFM image of zero-
field SP at remanence after saturation. (f) Corresponding number of
skyrmions distribution as function of Dy pwnm extracted by MFM
image analysis. Black line is an asymmetric Lorentz 20 function fit.
g) skyrmion density pgx and h) skyrmion apparent diameterDgy as
function of K, of BL+MML samples (open circles and MML (filled
squares).

other groups [41, 42]. However all the points associated to
BL+MML (open symbols) are shifted towards larger values,
being K, more than double. This indicates a potential increase
of the effective anisotropy because of the coupling with the
BL. The optimized BL+MML sample (open red circles) has a
similar density than the MML (red squares), however show-
ing a smaller Dgvpv. The sample with 7c, = 1.7 nm (yellow)
presents different behavior with and without BL. The MML
is fully in-plane (K. <0), and having only 3 repetitions, few
skyrmions are stabilized. However, in presence of the BL,
the skyrmion density is double. Another interesting result is

that the D vy does not decrease compared to the optimized
sample. This could indicates that the anisotropy induced by
BL plays an important role in the minimum energetic state
of the skyrmions at remanence. Similar results are observed
for sample with fp; = 5 nm. (purple), the resulting py follows
MML behavior, however is the Dgnev Where the difference
is more accentuated with a large decrease. This fact, together
with the asymmetric fit in the distribution of radii, indicates a
large variation in the remnant energetic state due to the BL.

In conclusion, we thoroughly explore how to stabilize a
densely packed skyrmion phase in a MML without requir-
ing an external magnetic field. We describe how by ad-
justing the properties of the magnetic layers in the MML
(Pt(tpy)|Co(tco)|Rul.4),,, with a moderate number of repeti-
tions, specifically n = 3 and a larger fp; = 8 nm, we are able to
precisely control the size and density of the skyrmion phase at
zero field. This is achieved by generating an effective mag-
netic field via an electronically coupled, uniformly magne-
tized bias layer, which effectively transforms the labyrinthine
domain configuration into a dense skyrmion phase configu-
ration. By slightly varying the thickness of the trilayer, the
skyrmion diameter and density can be tuned, leading to a vari-
ation of the Hsfllf’ . Such precise control of py and Dy at zero
field is an important outcome of this work and could for exam-
ple facilitate the investigation of fundamental mechanisms and
the time-scale required to overcome the topological barrier
leading to the nucleation of a skyrmion phase. The presented
approach might also present some compelling opportunities
for neuromorphic computing applications based on skyrmion
phase-based systems.

In the supplementary material are presented all the hystere-
sis loops of the experimental samples, additional MFM im-
ages and explanations for the quantification of the bias field.
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