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Room-temperature stabilization of skyrmions in magnetic multilayered systems is the result of a fine balance
between different magnetic interactions namely symmetric and antisymmetric exchange, dipolar, perpendicular
magnetic anisotropy as well as, in most cases, Zeeman through an applied external field. Such field-driven
stabilization approach is not compatible with most of the anticipated skyrmion based applications, e.g. skyrmion
memories, logic or neuromorphic computing which motivates a reduction or a cancellation 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 magnetization, 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 neuromorphic
computing [5–10]. In order to control the static and dynamical
properties of magnetic skyrmions, different material systems
have been investigated, stabilizing either individual skyrmions
or skyrmion lattices in ferromagnetic [3, 11–14], ferrimag-
netic [15] or more recently 2D materials [16]. In most cases,
the application of an external field of at least a few tens of mT
is required for its stabilization, as the Zeeman energy assists in
transitioning from the topologically trivial maze-domain con-
figuration at zero-field to the skyrmion phase (SP). Note also
that the precise control of the external field allows to finely
tune the skyrmion size as well as the density [17, 18]. On
a more fundamental point of view, Büttner et al. [19] re-
cently investigated the formation process of skyrmion lattices
at pico-second time scale by combining an ultrashort laser
pulse together with a static external magnetic field required to
break the time-reversal symmetry. Hence, beyond the fact that
the use of external magnetic fields may be an obstacle for the
application of skyrmions in new types of computing devices,
indeed it is a complication to address experimentally the still-
open question to determine how the topological barrier can be
overcome. No external field requirements shall provide more
insights on the topological phase transition mechanism in fer-
romagnetic (FM) but also in synthetic antiferromagnetic mul-
tilayers [20, 21]. To overcome this limitation, stabilization of
magnetic textures at zero field seems mandatory. Note that
isolated skyrmions or skyrmionic-bubbles in FM multilayers
have been already successfully stabilized at zero-field either
in confined structures [13] or using the interlayer exchange
interaction from a perpendicularly magnetized single films

[22, 23]. However, up to our knowledge, there is no experi-
mental evidence of large density of skyrmions or of skyrmion
(ordered or disordered) lattice configuration stabilized at zero-
field in plain films. A clear advantage working with dense
skyrmion ensembles in comparison to isolated skyrmions is
for example their interesting applications in reservoir or neu-
romorphic computing fields [24–26].

In this study, we demonstrate that zero external magnetic
field (zero-field) skyrmion phase (ZFSP) can be stabilized at
RT. To this aim, we first investigate the dependence of the
skyrmion size and density on different parameters of the mul-
tilayers, with the objective of reducing the field required for
the SP stabilization down to a few tens of mT. Then we de-
scribe the approach developed to stabilize ZFSP in multilayers
though an electronic indirect exchange interaction generated
by an additional bias layer with uniform perpendicular mag-
netization. The effective magnetic field created by the bias
layer is electronically coupled to the skyrmion magnetic mul-
tilayers (MML) through a non-magnetic (NM) layer replacing
the external field in stabilizing the SP. We demonstrate using
magnetic force microscopy (MFM) that by finely tuning the
thicknesses of both ferromagnetic (FM) and NM layers, we
can obtain ZFSP with apparent skyrmion diameter as small as
60 nm and an easy control of the skyrmion density.

The experimental MML are grown by dc magnetron sput-
tering on thermally oxidized silicon wafers with 280 nm of
SiO2, under 0.25 mbar dynamic Ar pressure (base pressure
is 7× 10−8 mbar). All the samples are on a buffer made
of Ta(5)|Pt(8) and capped with 3 nm Pt layer to prevent ox-
idation, as schematized in Fig. 1(a). Alternating gradient
field magnetometer (AGFM) and SQUID are used to mea-
sure the anisotropy field HK , and the spontaneous magne-
tization Ms. Magnetic imaging using MFM was performed
with low-moment magnetic tips in double pass tapping mode-
lift mode. A custom made magnetic tip coated with a 7-nm
thick CoFeB layer was used for its low magnetic moment
in order to limit the perturbation of the magnetic textures in
the SP. The MFM setup is equipped with a variable external
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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 exter-
nal field and small temperature variations. The stabilization
of the skyrmion configuration and its final characteristics is
governed by the balance between the different magnetic en-
ergies, i.e., the direct Heisenberg exchange constant (A), the
Dzyaloshinskii-Moriya interaction (DMI), the magnetic uni-
axial anisotropy (Ku) and the dipolar energies, necessitating a
precise magnetic characterization of the samples. The effec-
tive interfacial DMI (Deff) as function of the thickness (Ds =
Deff tCo) has been measured by k-resolved BLS to be Ds = -
1.27 pJ/m [27, 28]. We notice that even if the Pt thickness is
only 0.6 nm it results in an effective perpendicular anisotropy
(PMA) and an amplitude of the DMI close to the value of thick
layers (' 3 nm), as we previously demonstrated in Ref. 28.
The thickness of Ru of 1.4 nm leads to a ferromagnetic RKKY
interaction between two consecutive Co layers [20].

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). In order to characterize the magnetic prop-
erties of the MML as a function of tCo, we grew a series of
samples with n = 10 varying tCo from 0.6 to 1.9 nm. Through
the out-of-plane hysteresis loops shown in Fig. 1(b) together
with in-plane hysteresis loops (Fig. S1), are determined the
magnetic parameters, namely the coercive field (Hc), the out-
of-plane saturation field (Hsat), the saturation magnetization
(Ms), the effective (Keff) and uniaxial anisotropies (Ku) and
the domain periodicity (λ ) measured from the MFM image
after an in-plane demagnetization process. Their evolution
with tCo are shown in Fig. 1(c-h). Hc begins from about 90 mT
at tCo = 0.6 nm, then decays rapidly reaching a minimum of
3 mT at tCo = 1.4 nm, then slightly increases (see Fig. 1(c)).
The saturation field Hsat displayed in Fig. 1(d) shows a con-
tinuous increment as a function of tCo, with a marked in-
crease above 1.4 nm. The evolution of the saturation magne-
tization Ms tCo [Fig. 1(e)] displays a quasi-linear increase with
tCo. Note that a null magnetization is extrapolated for finite
tCo ≈ 0.4 nm, suggesting that for this thickness the Curie tem-
perature (Tc) is below RT. The slope indicates that the intrin-
sic Ms = 1.56 ± 0.01 MA/m, a value close to the bulk Co Ms
value. In Fig. 1(f), we display the domain periodicity after
an in-plane demagnetization process, leading to a stripe do-
main pattern aligned with the external field and a local mini-
mum energy configuration. The observed decrease of the do-
main period with ∝ 1/teff (teff = effective magnetic thickness
at RT) can be explained by the thickness variation of the to-
tal moment (Ms tCo) leading to a lower domain wall energy.
We then study the evolution of the effective anisotropy Keff
extracted from µ0Hsat = 2Keff/Ms. This value is multiplied
by Co thickness (Keff tCo) to be represented as a function of
tCo in Fig. 1(g). If only shape and interfacial PMA Ku,s are

considered, then Keff tCo = Ku,s− µ0M2
s

2 tCo, with Ku,s = Ku tCo.
From tCo = 0.6 to 1.0 nm, Keff tCo first increases reaching the

FIG. 1. a) Scheme of MML (Pt|Co(tCo)|Ru)×n, tCo being the cobalt
thickness, n the number of repetitions, and Hz the applied perpen-
dicular field. b) Room temperature out-of-plane hysteresis loops of
(Pt|Co(tCo)|Ru)×10 for a tCo ranging from 0.6 to 1.9 nm, measured at
room temperature. Black circles indicate the points at which MFM
images shown in (j, l, n, p) were taken. c-h) Magnetic parameters
as function of Co thickness: c) coercive field Hc, d) saturation field
Hsat, e) magnetization at saturation Ms multiplied by the nominal Co
thickness (dotted blue line is a linear fit), f) domain periodicity λ af-
ter in-plane demagnetization (line described in the text), g) effective
anisotropy energy Keff (lines described in the text), and h) calculated
uniaxial anisotropy energy Ku. i-p) Room-temperature MFM images
at Hz = 0 and at Hz|<M>=Ms/2) for tCo = 0.6 nm (i-j) 0.8 nm (k-l)
1.4 nm (m-n) and 1.6 nm (o-p).

maximum value around tCo = 0.9−1 nm. Thereafter Keff tCo
decreases linearly up to the largest Co thickness. We find
the spin reorientation transition (SRT) from out-of-plane to
in-plane (Keff = 0) at tCo = 1.53 nm, in good agreement with
other series of (Pt|Co|Ru)×n that we studied recently [20, 28].
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The linear fit in Fig.1(g) (blue line) is expected to have a
slope equal to−µ0M2

s /2 in the equation considering the shape
anisotropy and a purely interfacial PMA only. This is not
compatible with the value of Ms deduced from Fig.1(e), indi-
cating that an additional component is needed, to explain the
data in panel (g). Similarly, the calculated Ku =Keff+µ0M2

s /2
is not constant [Fig.1(h)]. Therefore, we need to consider in-
troducing a magneto-crystalline anisotropy constant Ku,c. The
linear fit in Fig.1(g) suggests Ku,c = −1.9± 0.1 MJ/m3 and
Ku,s = 3.8±0.1 mJ/m2.

The changes of the magnetic configuration in these differ-
ent systems due to the application of an external magnetic
field are presented in in Fig. 1(i-p). The MFM images of the
magnetic configuration recorded after in-plane demagnetiza-
tion correspond to thicknesses tCo = 0.6, 0.8, 1.4 and 1.6 nm
respectively. From these demagnetized states, we then ana-
lyze the evolution of the domains as a function of Hz. The
objective is to determine tCo that allows to turn the stripe do-
mains in a densely packed skyrmion configuration at inter-
mediate state in the magnetization loop (< mz >=0.5). This
state is displayed in Fig. 1(j) in which the domains pointing
opposite to the external field are just shrunken. For moder-
ate but still positive Keff values, isolated skyrmions are stabi-
lized together with meander domains [Fig. 1(l)]. The dense
SP can be stabilized just before the SRT with slightly pos-
itive Keff, however, a moderate number of skyrmions com-
bined with domains at < mz >=0.5 as seen in Fig. 1(n) are
present. Since a larger Zeeman energy is required to reach a
SP, this can be only obtained near saturation field. For tCo >
SRT = 1.53nm and Keff < 0 the stabilization of SP is possible
as shown in Fig. 1(p) in which a SP is stabilized with a density
of 10.6 µm−2.

From this analysis, we select tCo = 1.6 nm and n = 10 that
delivers the densest SP at < mz >= 0.5. While increas-
ing the number of repetitions increases thermal stability and
signal-to-noise ratio, it also implies an increase of the exter-
nal field that will be needed to stabilize the skyrmions. As
< mz >= 0.5 is proportional to the saturation field, we study
the variation of Hsat from the out-of-plane hysteresis loops in
different multilayers with n= 1 to n= 20 repetitions (Fig. S2).
As shown in Fig. 2(a), Hsat follows approximately a linear evo-
lution up to n = 12, above which Hsat remains constant. In
Fig. 2(c-f), we display the MFM images as function of the
minimum applied external magnetic field µ0Hz allowing the
observation of the transition from labyrinth configuration into
a SP. From the series of MFM images with n = 3, 5, 10, 15
and 20, we can determine the skyrmion density (ρsk) and the
average skyrmion diameter (Dsk). The result of the quantita-
tive analysis is presented in Fig. 2(b), showing a monotonic
increase (40%) of the ρsk with the number of repetitions n.
In order to deduce the evolution of Dsk, we estimate their
actual value from ρsk and the mz value obtained in the hys-
teresis loop at the same field that the one used for the MFM
images, i.e., Dsk ≈

√
2(1−mz)/(πρsk) [triangles in right axis

of Fig. 2(b)]. Following this approach, the Dsk is found to
decrease by 20% when n increases from 3 to 20. Another

FIG. 2. a) Hsat as function of the number of repetitions n and to-
tal Co thickness (t tot

Co) of (Pt(0.6)|Co(1.6)|Ru(1.4))×n multilayer. The
dashed lines are guides for the eyes. b) Skyrmion density, ρsk (black
open circles), and skyrmion apparent diameter Dsk extracted from
MFM FHWM (red open squares) or calculated from ρsk and the
mean magnetization from AGFM (red open triangles) as function of
the number of repetitions n. c-f) MFM images of SP of systems with
n = 3 (c), n = 5 (d), n = 15 (e), n = 20 (f).

way to estimate the skyrmion diameter is to measure the full
width at half maximum (FWHM) of the MFM phase signal
corresponding to skyrmions. The results are shown with red
squares in Fig. 2(b): One finds similar diameter, but the ap-
parent size doubles from n = 3 to n = 20. Using this second
technique, the apparent size may vary from the actual one due
to dipolar and in-plane fields effects, and magnetic tip-sample
interactions as well. For the rest of the study, we choose n= 3,
as being the best compromise between the impact of the inter-
layer dipolar fields and a good thermal stability. Thus, we can
stabilize the dense SP with an external field four times smaller
than for the sample with n = 20.

For this number of repetitions, Hsat 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. 3(a),
we find a 1/ttot reduction of Hsat as function of the Pt thick-
ness (tPt) ranging from 0.6 to 8 nm, ttot being the total trilayer
thickness. In Fig. S3 are shown the IP hysteresis loops con-
firming identical anisotropy values from tPt = 0.6 to 8 nm. In
Fig. 3(c-e), we present the MFM images showing a SP config-
uration for tPt = 3, 5 and 8 nm. Even though the reduction of
the external field is about 60% between tPt = 3 and 8 nm, both
ρsk and Dsk,FWHM extracted from the MFM images are found
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FIG. 3. a) Hsat vs. Pt thickness (tPt) in (Pt(tPt)|Co(1.6)|Ru(1.4))x3
multilayer. The data is adjusted with 1/t fit. b) ρsk (black open
circles) and Dsk extracted from MFM FHWM (red open squares) and
calculated from ρsk (red open triangles) as function of n, the number
of repetitions (n). c-e) MFM images of SP of systems with tPt = 3 nm
(c), tPt = 5 nm (d) and tPt = 8 nm (e).

not to change significantly [see Fig. 3(b)]. Note however that
determining Dsk from the mz and ρsk, the diameter increases
by more than 50 % when the Pt spacer layer increases from
0.6 to 8 nm [see triangles in Fig. 3(b)]. This suggests that the
two methods differ more when the dipole fields are smaller.
Then, we decide to use the following stacking sequence for
the skyrmion MML: (Pt(8)|Co(1.6)|Ru(1.4))×3.

Now that a densely packed SP can be stabilized at low ex-
ternal field values, it can be envisaged to replace the external
field by a bias field generated by interlayer electronic cou-
pling with additional layers. In Fig. 4(a), a schematic view
of the complete sample allowing the zero-field stabilization of
SP is presented. In addition to the already designed 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 indi-
rect exchange coupling is modulated. We show here how the
properties of the BL and CL may be engineered. We first opti-
mize the BL aiming at reaching a strong enough effective field
(Hbias

eff ) needed to stabilize the SP. The first important charac-
teristic of the BL is that it should have a large PMA together
with a completely uniform magnetization at remanence. The
hysteresis loop of the BL composed of (Pt(0.4)|Co(0.6))×4 is
presented as the black open dots curve in Fig. 4(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 square shape with sharp transitions. The
actual amplitude of Hbias

eff is experimentally estimated follow-
ing the procedure that we developed in Ref. [20]. Further
information can be found in Fig. S4(c-d) of the Supplemen-
tary Material. The next step is to optimize the thickness of the
Pt CL through which the BL is electronically coupled to the
skyrmion MML. We know from the previous section that the

Heff amplitude required to stabilize the SP is≈ 25mT. The CL
thickness determines the amplitude of the effective bias field
Hbias

eff acting on the bottom of the skyrmion MML. The evo-
lution of Hbias

eff as function of tbias
Pt coupling-layer is presented

in Fig. 4(c), in which we see that Hbias
eff decays exponentially

almost vanishing at tbias
Pt = 3 nm. Note that the choice of the

CL thickness also influences the magnetization reversal pro-
cess of the complete system. For example, we find that for
tbias
Pt < 2.2 nm, the effective field Hbias

eff is too large, making that
the BL and the skyrmion multilayer reverse simultaneously,
hence no skyrmion can be stabilized. In the inset of Fig. 4(c),
we display the experimental results showing Hbias

eff vs Hswitch
z .

We define Hswitch
z as the external field applied when the BL

magnetization switching reversal occurs. The interesting cou-
pling regime is when the BL and the skyrmion MML switch
independently, keeping a large enough bias field. It corre-
sponds to tbias

Pt ranging from 2.2 to 3.0 nm. More details about
the reversal mechanisms can be found in Fig. S4(b), where the
loops are labeled with arrows pointing at Hswitch

z . The hystere-
sis loop of the complete system with a CL of tbias

Pt = 2.3 nm
is displayed with red circles in Fig. 4(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 in first a full saturation
of the magnetization of the sample, followed by sweeping the
external field back to zero [red arrows in Fig. 4(b)]. Red cir-
cles are initial and final magnetization state.

The MFM images of the as grown magnetization state and
at remanence after saturation for three CL thickness, tbias

Pt =
3.0, 2.5 and 2.3 nm are presented in Fig. 4(d-i). First, we
see that in the as-grown state, large domains (≈ µm size)
are present in the BL coexisting with smaller labyrinthine do-
mains from the skyrmion MML. On the contrary, after hav-
ing saturated the system Hz ≥ 80 mT and returning to rema-
nence (see Fig.4 (g-i)), only the magnetic configuration from
the skyrmion MML is detected by MFM. For tbias

Pt = 3.0 nm,
the remnant structure consists of a maze-domain configuration
(see Fig. 4(g)). For tbias

Pt = 2.5 nm, the magnetic configuration
is mainly composed of skyrmions together with elongated do-
mains (see Fig. 4(h)). Finally, for tbias

Pt = 2.3 nm presented in
Fig. 4(i), the MFM image clearly indicate that the ZFSP is sta-
bilized as only skyrmions stabilized at zero-field are detected.

Finally we investigate the characteristics of the ZFSP,
namely ρsk and Dsk that can be tuned by finely vary-
ing some of the MML parameters. To this aim, we
begin with the optimized system described above, i.e.,
BL|Pt(2.3)|[Pt(8)|Co(1.6)|Ru(1.4)]×3. Based on this we
slightly modify Keff and Hdip

eff by: i) increasing tCo using the
system BL|Pt(2.3)|[Co(1.7)|Ru(1.4)|Pt(8)]×3, and ii) by re-
ducing the distance of the FM layers varying the NM bottom
layer thickness of the trilayer from 8 to 5 nm. The exper-
imental system is then BL|Pt(2.3)|[Co(1.6)|Ru(1.4)|Pt(5)]×3

resulting in an increment of Hdip
eff in the FM layers that will be

noticeable. We first analyze the statistics of the ZFSP of the
optimized sample. The corresponding MFM image is shown
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FIG. 4. a) Sketch of BL|Pt(tPt)|MML. BL is the bias-layer with
stacking: (Pt(0.45)|Co(0.6))x4, tPt the Pt coupling-layer thickness
and MML the multilayer hosting SP (Pt(8)|Co(1.6)|Ru(1.4))x3. b)
AGFM out-of-plane hysteresis loops of BL (black), MML (blue) and
BL|Pt(2.3)|MML (red). c) Effective bias field (µ0Hbias) as function
of Pt coupling-layer (tPt). The inset is µ0Hbias vs switching field
(µ0Hswitch). d-i) MFM images of as grown remanence after satura-
tion state for Pt coupling-layer thickness tPt=3.0 nm (d, g), tPt=2.5 nm
(e, h), tPt=2.3 nm (f, i).

in Fig. 5(a) and the distribution of the number of skyrmions
as a function of Dsk,FWHM in Fig. 5(b). The distribution of di-
ameters can be fitted with a Gaussian function, leading to a
mean diameter of 85± 5 nm. The density is found equal to
10 µm−2, based on the analysis of a 5×5 µm2 MFM image.

In Fig. 5(c), we display the resulting dense SP imaged
by MFM at zero field after saturation for the sample with
tCo = 1.7 nm. As expected, the correspondingly modified Hdip

eff
leads to energetic variations, which leads to a different ZFSP.
We see in Fig. 5(d) that the Dsk,FWHM distribution can be fit-
ted with a Gaussian function with mean diameter≈ 90±5 nm
and with a density of 7.0 µm−2. Note that there is a reduction
of 30% of ρsk by only increasing tCo by 0.1 nm (6% increase).
Finally, in Fig. 5(e) is shown the MFM image of the system
with tPt = 5 nm. For this sample, we had to use lower magne-
tization tip to measure without no apparent disruption of the
magnetic configuration, leading to a much lower MFM con-

FIG. 5. (a) BL|Pt(2.3)|[Co(1.6)|Ru(1.4)|Pt(8)]×3 sample. MFM
image of ZFSP at remanence after saturation. (b) Correspond-
ing number of skyrmions distribution as function of Dsk,FWHM
extracted by MFM image analysis. Black line is a Gaussian
fit. (c) BL|Pt(2.3)|[Co(1.7)|Ru(1.4)|Pt(8)]×3 sample. MFM im-
age of ZFSP at remanence after saturation. (d) Corresponding
number of skyrmions distribution as function of Dsk,FWHM ex-
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
ZFSP at remanence after saturation. (f) Corresponding number of
skyrmions distribution as function of Dsk,FWHM extracted by MFM
image analysis. Black line is an asymmetric Lorentz 2σ function fit.

trast. In this case the Dsk,FWHM distribution is fitted with an
asymmetric Lorentz 2σ function presenting a mean diameter
60±5 nm and a density of 12 µm−2. Obtaining in this case a
reduction of the apparent MFM radius of almost 30%. Note
that using 5 nm thickness of NM bottom layer, the required
BL Hbias

eff is larger than the one for 8 nm [Fig.3(d-e)], hence
there are a few remaining wormy-like domains.

In conclusion, we have investigated how to control the
properties of MML to stabilize densely packed skyrmion
phase without the need of any external field. Further, we have
shown that precisely adjusting magnetic layer properties al-
lows for a fine control of the size and density of the skyrmion
phase at zero field with a MML (Pt(tPt)|Co(tCo)|Ru1.4)×n with
a moderate number of repetitions, i.e., n = 3 and the larger
tPt = 8 nm. The approach to get the ZFSP is to generate an
effective magnetic field created by an uniformly magnetized
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bias layer that is electronically coupled to the skyrmion MML.
We demonstrate that this effective bias field is large enough
to transform the as-grown labyrinthine domain configuration
into a dense skyrmion phase configuration. We furthermore
show that the skyrmion diameter and density can be tuned by
slightly modifying the thickness of the trilayer, leading to a
variation of the Hdip

eff . We consider that such a precise control
of both ρsk and Dsk stabilized at zero-field might allow to fa-
cilitate the investigation of the fundamental mechanisms and
the time-scale at which the topological barrier can be over-
come leading to the nucleation of skyrmion phase. In partic-
ular through the use of advanced experimental techniques for
which the application of magnetic field is problematic. More-
over, it also opens some interesting perspectives for the use of
skyrmion phase-based systems for neuromorphic computing
applications.
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FIG. 6. Out-of-plane (black) and in-plane (red) AGFM hysteresis loops of variable tCo.

FIG. 7. Out-of-plane (black) and in-plane (red) AGFM hysteresis loops of variable n
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FIG. 8. a) Out-of-plane AGFM hysteresis loops of variable bottom NM layer tPt. b) In-plane AGFM hysteresis loops of variable tPt. c) MFM
images of OOP demagnetization state Pt(8) d) Pt(5) e) Pt(3).

FIG. 9. Bias Layer and Pt coupling layer spacer engineering. (a) AGFM hysteresis loops of BL with different number of repetitions. (b)
AGFM hysteresis loops of different Pt coupling layer thickness. The arrows point the BL Hz switching. (c) Sketch of experimental samples
used for extracting Heff. (d) Hysteresis loops of experimental samples represented in panel (c) varying Pt coupling layer thickness. From the
satration of the central loop Heff is estimated.
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