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Magnetic skyrmions are promising for next-generation information storage and processing owing
to their potential advantages in data storage density, robustness, and energy efficiency. The magnetic
multilayers consisting of Pt, Co, and a third metal element X provide an ideal platform to study
the skyrmions due to their highly tunable magnetic properties. Here, we report the material param-
eters needed to achieve room-temperature skyrmions in epitaxial Pt/Co/Cu superlattices grown by
molecular beam epitaxy. By tuning the Co thickness and the number of periods, the magnetic easy
axis varies from perpendicular to in-plane, and skrymions are observed in the spin-reorientation
transition. The magnetic properties of the Pt/Co/Cu samples are studied by magneto-optic Kerr
effect (MOKE) and superconducting quantum interference device (SQUID) magnetometer measure-
ments. Skyrmions are directly imaged by magnetic force microscopy (MFM) and Lorentz transmis-
sion electron microscopy (LTEM). The development of room-temperature skyrmions in Pt/Co/Cu
multilayers may lead to advances in skyrmion-related research and applications.

Magnetic skyrmions are topologically protected spin
textures that stand out as one of the strongest candi-
dates for next-generation information storage due to their
small sizes, thermal stability, and high energy efficiency
[1-4]. These special spin textures originate from the com-
plex interplay between magnetic anisotropy, dipolar in-
teractions, applied field, and the Dzyaloshinskii—-Moriya
interaction (DMI). The DMI plays an important role in
skyrmion formation and stabilization, as it favors per-
pendicular alignment between neighboring spins [5, 6].
From a material point of view, the DMI is allowed by
asymmetric crystal structures, which happens in either
bulk crystals that are non-centrosymmetric or interfaces
that break inversion symmetry [7]. Therefore, the DMI
can be categorized into bulk DMI and interfacial DMI.
While the former one gives rise to Bloch skyrmions in
which the spins twist in the tangential direction [8, 9],
the latter one gives rise to Néel skyrmions in which the
spins tumble in the radial direction [10, 11].

Since 2009, magnetic skyrmions have been discovered
in a variety of materials, including B20-phase materi-
als [8, 9, 12], two-dimensional materials [13, 14], and mag-
netic bilayers and multilayers [10, 11, 15, 16]. Among
these materials, the Pt/Co/X (X = metallic material)
magnetic multilayers have drawn much attention because
the insertion of the X layers into Pt/Co superlattices
generates non-canceling interfacial DMI by breaking the
inversion symmetry [10, 17, 18]. Furthermore, the mag-
netic properties of Pt/Co/X multilayers can be vastly
tuned through varying the thickness of each layer [19, 20]
and the number of repetitions of Pt/Co/X [21, 22], or
simply changing the element X [23, 24]. So far, the
magnetic properties of Pt/Co/X multilayer systems with
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various metallic materials X has been reported includ-
ing X = Mn [25], Ni [26], Cu [19], Ru [27], Ho [28],
Ta [11], W [21], Ir [10], etc. Within a number of op-
tions for transition metal X, Cu is of particular inter-
est for a number of reasons. Since the lattice constant
of Cu is close to that of Co and Pt, it is possible to
grow Pt/Co/Cu multilayers epitaxially along the Pt(111)
direction [19]. This enables the layer-by-layer growth
of high-quality crystalline Pt/Co/Cu multilayers using
molecular beam epitaxy (MBE). It was also reported that
the Pt/Co/Cu multilayers have no magnetic dead layer
as compared to other materials as X layer [23]. For these
reasons, Pt/Co/Cu could be a model system to investi-
gate skyrmion properties.

In this paper, we report the material parameters
needed to achieve room-temperature skyrmions in epi-
taxial Pt/Co/Cu multilayers. By varying the number of
periods (N) and the Co thickness (tco), the magnetic
anisotropy can be tuned between a perpendicular easy
axis and an in-plane easy axis. We find that skyrmions
form when N and t¢, are adjusted so that the system
is in the spin-reorientation transition (SRT) between the
perpendicular and in-plane magnetization states. It is
notable that the presence of skyrmions is associated with
a characteristic wasp-waisted shape of the macroscopic
out-of-plane hysteresis loop. In addition, we observe that
current pulses can help nucleate skyrmions in the SRT
regime. Experimentally, the epitaxial [Pt/Co/Cu]y mul-
tilayers were grown by MBE on top of a Pt(111) buffer
layer grown on insulating Al;O3(0001) substrates, which
allow in-plane current pulses to be applied to the sample.
The macroscopic magnetic properties of [Pt/Co/Cu]nx
multilayers were studied using a combination of magneto-
optic Kerr effect (MOKE) and superconducting quan-
tum interference device (SQUID) magnetometry, and
the skyrmions were observed using magnetic force mi-
croscopy (MFM) and Lorentz transmission electron mi-
croscopy (LTEM).
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FIG. 1. Material growth and structural characterization. (a) Schematic drawing of the sample structure. (b) In situ RHEED
patterns during growth. Top: sapphire(0001) with the beam along the [1120] in-plane direction. Middle: Pt(111). Bottom:
[Pt(2)/Co(6)/Cu(2)]s multilayers. (c) In-plane lattice constant extracted from the RHEED streak spacing during the growth.
The blue, red, and gray regions correspond to the deposition of Co, Cu, and Pt, respectively. (d) STEM-HAADF image of

[Pt(2)/Co(6)/Cu(2)]s multilayers.

The [Pt/Co/Cu]y multilayers were grown on epi-
taxial Pt(111) buffer layers on AlyO03(0001) substrates
(MTI Corporation) using MBE. Unless otherwise noted,
the structure of the multilayer samples is (bottom to
top): 5nm Pt/[6 atomic layers (6 AL) Co/2 AL Cu/2 AL
Pt]5/5nm CaFq (hereafter [Pt(2)/Co(6)/Cu(2)]5, where
the sequence of the layers is from the bottom to the top,
and the numbers in the parentheses represent the thick-
ness of each layer in units of atomic layers), as shown
in Figure la. Prior to the growth, the Al,O3(0001) sub-
strates were annealed in air at 1000 °C for 180 minutes
and then degassed in the growth chamber at 500 °C for
30 minutes. A 5nm Pt(111) buffer layer was epitaxially
grown on the Al;O5(0001) substrate following the recipe
described in [29]. After the samples were cooled down
to room temperature, [Pt/Co/Cu]y multilayers were de-
posited on top of the Pt(111) buffer layer by opening and
closing the shutters sequentially. The growth time for
each layer was determined by the growth rate which was
calibrates by a quartz crystal deposition monitor. Pt was
deposited from an electron-beam evaporator, while Co
and Cu were deposited from Knudsen cells. The typical
growth rates for Pt, Co, and Cu are 0.9 A /min, 0.8 A /min
and 1.0 A /min, respectively. After growth, 5nm CaF,
was deposited on the sample to protect the sample from
oxidation. The in situ reflection high-energy electron

diffraction (RHEED) pattern was monitored during the
growth, as shown in Figure 1b. Streaky RHEED pat-
terns indicate that the [Pt(2)/Co(6)/Co(2)]5 multilayers
grow epitaxially. Furthermore, the in-plane lattice con-
stant extracted from the RHEED pattern during growth
shows oscillatory behavior, with decreasing lattice con-
stant during Co layer growth, and increasing lattice con-
stant during Cu and Pt layer growth, as shown in Fig-
ure lc. This oscillation of in-plane lattice constant does
not decay during the growth.

The structure of the sample was confirmed by scan-
ning transmission electron microscopy (STEM) imaging
of a cross-section sample using a ThermoFisher probe
corrected Themis-Z at 300kV. The cross-section sam-
ple was prepared by Ga ion milling at 30kV and 5kV
using a focused ion beam (FIB). Figure 1d shows a
STEM high-angle annular dark field (HAADF) image of
[Pt(2)/Co(6)/Co(2)]s multilayer on top of Pt buffer layer
on Al;O3 viewed along the AlyO3-[1100] axis. In Fig-
ure 1d, the [Pt(2)/Co(6)/Co(2)]5 sample exhibits have
well-defined layered structures. Due to atomic number
(Z-) contrast in HAADF images the Co layers appear as
dark layers in the STEM image, while the Pt and Cu
layers appear as bright layers.

We first discuss MOKE and SQUID measurements of
[Pt(2)/Co(6)/Cu(2)]5 multilayers. Figure 2a shows the
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FIG. 2. Magnetic characterizations of [Pt(2)/Co(6)/Cu(2)]s multilayers. (a) MOKE hysteresis loops of [Pt(2)/Co(6)/Cu(2)]s
multilayers. (b) SQUID hysteresis loops of [Pt(2)/Co(6)/Cu(2)]s multilayers. The black solid line represents 1430 kA /m, which

is the saturation magnetization of bulk Co.

polar (red curve) and longitudinal (blue curve) MOKE
hysteresis loops of a [Pt(2)/Co(6)/Cu(2)]5 multilayer.
The polar MOKE hysteresis loop shows a “wasp-waisted”
shape with small remanence. Although the applied mag-
netic field was limited to 120 mT which is not sufficient to
fully saturate the sample, the hysteresis loop nevertheless
captures the main magnetic characteristics of the sample.
The wasp-waisted shape of the hysteresis loop is similar
to that of Pt/Co/Cu multilayers near the SRT in which
the magnetic stripe domains were observed [19]. Mean-
while, the longitudinal MOKE hysteresis loop shows al-
most linear behavior in 120mT range, with a much
smaller magnitude compared to polar MOKE. The re-
sponse to external magnetic fields where the magneti-
zation is easier to polarize out-of-plane compared to in-
plane is due to the presence of perpendicular surface mag-
netic anisotropy from the Pt/Co interfaces.

The results from SQUID measurements of
[Pt(2)/Co(6)/Cu(2)]s are shown in Figure 2b. The
out-of-plane hysteresis loop (red curve) shows a similar
shape to the polar MOKE loop, with low remanence
and a saturation field of 192mT, while the in-plane
hysteresis loop (blue curve) saturates at ~ 0.5 Tesla.
We note that the the saturation magnetization of
[Pt(2)/Co(6)/Cu(2)]5 multilayers is larger than the bulk
Co value (1430kA/m) [30] by the amount of AM¢g, =
580 kA /m. This comes from the extra magnetic moment
of Pt induced by the magnetic proximity effect, which
has been reported in Pt/Co multilayers [31]. To quantify
this effect, we calculate the magnetic moment of Pt from
the following formula [31]:

A-2\400 tco = MPt tpt (1)

By substituting t¢, = 6.1nm and tp; = 7.3 nm into Eq. 1,
we get Mp; = 0.84 up/Pt.

To investigate how the magnetic properties of
[Pt/Co/Cu] multilayers depend on the material parame-
ters, we systematically varied the Co thickness and the
number of periods N. For these studies, we maintained
a constant thickness of 2 AL for the Pt and Cu layers.

Beginning with the Co thickness, we synthesized a
sample series of with tc, = 4, 5, 6, 7, 8 and 9 AL for
a fixed number of periods N = 5. Representative polar
(red curve) and longitudinal (blue curve) MOKE loops
are shown in Figure 3a. At a low Co thickness of 4 AL
(sample I), the polar loop is square with a large rema-
nence while the longitudinal loop has a small signal with
no remanence. This indicates a perpendicular (out-of-
plane) magnetic easy axis. As t¢, increases, the polar
MOKE hysteresis loop evolves to a wasp-waist shape
with low remanence for tc, = 6 AL (sample III), and
eventually to almost linear with negligible hysteresis and
zero remanence for to, = 8 AL Meanwhile, the longitu-
dinal MOKE hysteresis loop exhibits an increasing re-
manence with thickness, going from zero remanence for
tco = 4 and 6 AL to a loop with substantial remanence
and sharp magnetization reversals for 8 AL. This indi-
cates a transition to in-plane magnetization for thicker
Co. This spin reorientation transition (SRT) from per-
pendicular magnetization to in-plane magnetization with
increasing Co thickness is summarized by the horizontal
points at N =5 in Figure 3d, with red points signifying
perpendicular magnetization, green points signifying the
SRT region, and blue points signifying in-plane magneti-
zation.

This thickness-dependent spin reorientation is under-
stood as a competition between the perpendicular mag-
netic anisotropy (PMA) originating from the Pt/Co in-
terface and the magnetic shape anisotropy favoring in-
plane magnetization [32]. Since the magnetic shape
anisotropy scales with the Co film thickness and the
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Relationship between MOKE hysteresis loops and the multilayer structure. (a) Representative polar (red curve)

and longitudinal (blue curve) MOKE hysteresis loops of [Pt(2)/Co(tco.)/Cu(2)]s multilayers with a fixed number of periods
N = 5. (b) Representative polar (red curve) and longitudinal (blue curve) MOKE hysteresis loops of [Pt(2)/Co(7)/Cu(2)]~
multilayers with fixed Co layer thickness tc, = 7AL. (c) Polar (red curve) and longitudinal (blue curve) MOKE hysteresis
loops of [Pt(2)/Co(8)/Cu(2)]4 (sample VIII). (d) Summary of the sample series. The dashed lines are guides to the eye.

Co/Pt PMA does not, larger thicknesses will favor in-
plane magnetization while smaller thicknesses will favor
perpendicular magnetization.

We also observe a spin reorientation transition that
depends on the number of periods N of the [Pt/Co/Cu]
multilayer. Interestingly, as N is increased from 3 to 7
while keeping tc, fixed at 7 AL, a similar transition from
perpendicular to in-plane magnetization occurs, as shown
in Figure 3b. In this sample series, sample IV with 3 pe-
riods has a polar MOKE loop (red curve, top loop) with
nearly 100% remanence and a longitudinal MOKE loop
(blue curve, top loop) with a weak response, indicating
perpendicular magnetization. For sample VI with 5 pe-
riods the polar MOKE loop (red curve, middle loop) has
a wasp-waisted shape, and for sample VII with 7 periods
the polar MOKE loop has a weak response (red curve,
bottom loop). Meanwhile, the longitudinal MOKE loops
(blue curves) for the 5-period and 7-period samples (VI
and VII) develop hysteresis. This indicates that the mag-
netization exhibits a transition from perpendicular to in-
plane as N increases.

In previous studies, both similar behavior (large N
prefers in-plane) [33] and opposite behavior (large N
prefers perpendicular) [22, 34, 35] have been reported
for [Co/Pt] and [Co/Pt/X] superlattices. These experi-
ments illustrate that the dependence of the magnetic easy

axis on N is a complex issue, which may depend on both
intrinsic interactions (e.g. anistropy, DMI, dipolar) and
extrinsic factors (e.g. roughness, crystallinity). Thus,
understanding the N-dependence requires further study
and is beyond the scope of the current work.

Looking at the variation in magnetic anisotropy as a
function of t¢, and N in Figure 3d shows that perpen-
dicular magnetization is favored for low t¢, and low N,
while in-plane magnetization is favored for high tc, and
high N. Since these two phases occupy opposite corners
of the diagram, it is likely that the spin reorientation
transition occupies a diagonal region of the diagram. To
test this, we synthesized a sample with t¢, = 8 AL and
N = 4 (sample VIII) that is to the lower-right of the
two samples in the transition region (samples III, VI).
Indeed, the polar and longitudinal MOKE loops for this
sample (Figure 3c) confirm the wasp-waisted polar loop
that signifies the spin reorientation transition region.

The magnetic properties of the samples are summa-
rized in Table I and the hysteresis loops of each sample
are shown in Section 1 of the Supplementary Material
(SM).

We now focus on the samples in the transition region
with wasp-waisted polar hystersis loops, indicated by the
green dots in Figure 3d (and labeled “Skyrmions”). Here,
we employed LTEM and MFM to image the magnetic do-



Sample ID Co thickness tco Number of periods N Anisotropy

I 4 5 OOP

11 5 5 OOP

III 6 5 OOP (near SRT)
v 7 3 OOP

\Y 7 4 OOP

VI 7 5 OOP (near SRT)
VII 7 7 P
VIII 8 4 OOP (near SRT)
X 8 5 P

X 9 5 P

TABLE I. Summary of the structures and magnetic properties of the samples.
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FIG. 4.

LTEM images of the [Pt(2)/Co(6)/Cu(2)]s thin film with a thinned substrate.
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(a-c) LTEM images of the

[Pt(2)/Co(6)/Cu(2)]s sample under (a) 0mT, (b) 100mT, and (c¢) 135mT applied magnetic field. The scale bar represents
1pm. (d). LTEM image at 135 mT after subtracting a background image taken in the field-polarized state (160 mT). The
area of this image corresponds to the white box in Figure 4c. The scale bar represents 500 nm. (e). Line-cut profile of a single

skyrmion along the direction of the red line in Figure 4d.

main structure and investigate the possible presence of
skyrmions. For the LTEM measurements [36], focused
ion beam (FIB) milling was utilized to thin the sap-
phire substrate, thus allowing the electron beam to trans-
mit through the sample. Figure 4a-c shows planar-view
LTEM images of a [Pt(2)/Co(6)/Cu(2)]5 multilayer sam-
ple at various out-of-plane magnetic fields. The straight
parallel lines are from the substrate thinning and are not
due to magnetic textures. For these images, we have
tilted the sample by 20° to achieve magnetic contrast for
Néel skyrmions [17, 37].

Beginning at zero field (Figure 4a), we observe
labyrinth magnetic domains which evolve into magnetic

stripe domains when the field is ramped up to 100 mT
(Figure 4b). When the field is raised to 135 mT (Fig-
ure 4c), several magnetic bubbles are observed. The im-
age in Figure 4e has improved contrast after subtracting
a background image taken in the field-polarized state at
160 mT [38].

These bubbles are identified as DMI-skyrmions of Néel
type based on several considerations. First, the magnetic
contrast only appears only when the sample is tilted,
which is a characteristic of Néel skyrmion as the Lorentz
force is tangential. Further, the bubble appears as hav-
ing a positive and negative lobes, which is the expected
shape for Néel skyrmion. A line-cut across the lobes,



shown in Figure 4e, establishes the size of the bubble
to be smaller than 110 nm and also indicates the chiral-
ity of the bubble: the trace goes from a minima on the
left to a maxima on the right while an opposite chiral-
ity would interchange left and right. Significantly, all of
the bubbles exhibit the same chirality, which indicates
that DMI contributes significantly to the formation of
the bubble. These characteristics therefore identify the
bubbles as DMI-skyrmions of Néel type.

We further investigate the magnetic domain structure
and skyrmion spin textures using MFM. An advantage
of MFM over LTEM is that sample preparation includ-
ing substrate thinning is not required. This provides ac-
cess to the as-grown magnetic properties, as substrate
thinning could introduce strain. In addition, MFM mea-
surements are compatible with devices fabricated by pho-
tolithography and electron-beam lithography. The mea-
surements were performed in the Bruker MFM equipped
with a homemade variable magnet with out-of-plane field
range of -115mT to 115 mT. The [Pt/Co/Cu] multilayers
were patterned to have micron-wide device channels.

Upon investigating the three samples in the
“Skyrmion” region of the phase diagram (green dots in
Figure 3d), we found that skyrmions could be nucleated
either using field ramp sequences or current pulses.
For a [Pt(2)/Co(6)/Cu(2)]s sample (Figure 5a-c), the
out-of-plane magnetic field was first set to -100mT.
Ramping to 0mT produced labyrinth magnetic domains
in the channel (Figure 5a). Increasing the field to
67mT, the domain structure evolved to magnetic stripe
domains with a lower density of domain walls (Fig-
ure 5b), consistent with the domain structures observed
by LTEM (Figure 4b). As the MFM magnet is unable
to reach the 135mT needed to nucleate skyrmions, we
decided to use current pulses to help nucleate skyrmions,
as demonstrated previously in other materials [11, 39].
Following a single current pulse of 1.39x10'2 A/m? with
duration 20 ns, some of the stripe domains have broken
up into isolated skyrmions (Figure 5c¢).

For a [Pt(2)/Co(8)/Cu(2)]s sample, the saturation
field is within the range of the MFM magnet, so we in-
vestigate skyrmion nucleation by field ramping. Starting
by applying a -100mT field, we ramp up through O mT
to a final field of 115mT. Figure 5d-g show MFM images
at representative fields. At 70mT, the magnetic texture
is dominated by stripe domains and a few skyrmions are
observed. Increasing to 90 mT causes many of the stripes
to nucleate into skyrmions or disappear altogether. At
100mT, some of the skyrmions have disappeared, along
with the stripes. Finally, at 115 mT, most of the sample
has become field-polarized.

Additional MFM measurements establish the presence
of skyrmions in a [Pt(2)/Co(7)/Cu(2)]s sample (SM Sec-
tion 3).

Micromagnetic simulations were performed to try to
understand the skyrmion size and its relation to various
parameters. Using an exchange stiffness A., of 10pJ/m,
uniaxial anisotropy K, of 608.5kJ/m?®, and saturation

magnetization Mg of 821kA/m (see SM Section 4 for
details), we ran simulations using MuMax3 [40] for a
variety of applied out-of-plane magnetic fields and DMI
strengths D including 2.15mJ/m? from [41]. Results of
the simulations for the [Pt(2)/Co(6)/Cu(2)]s sample are
shown in Fig. 6. At zero field, the simulations show
a labyrinth domain structure, consistent with both the
MFM and LTEM (Fig. 6a). As the magnetic field is
increased, skyrmions can be stabilized starting around
80-90 mT. Continuing to increase the field causes the
skyrmions to shrink, as shown in Fig. 6¢c and 6d. Al-
though the simulated values of skyrmion size are lower
than the experimental values, the trend of decreasing size
with increasing magnetic field is consistent for both the-
ory and experiment. Another trend observed in the sim-
ulation is an increase of the skyrmion size with increasing
values of D. These dependences of skyrmion size on D
and magnetic field are in agreement with previous ana-
lytical results in Wang et al. [42].

In conclusion, we investigated the formation of room-
temperature skyrmions in [Pt/Co/Cu] multilayers. We
found that by varying the Co thickness and the number
of periods N, the magnetization direction can be tuned
from perpendicular to in-plane orientation. Skyrmions
were observed in the spin-reorientation transition regime,
where the polar MOKE loops have a characteristic wasp-
waisted shape. Magnetic imaging by LTEM showed that
the magnetic spin texture evolves from labyrinth domains
at low perpendicular magnetic fields to isolated skyrmion
spin textures at higher fields. By tilting the sample dur-
ing LTEM, we verified that the skyrmions are Néel type.
Since the chirality was the same for all skyrmions, this in-
dicates the importance of interface DMI in the skyrmion
formation. MFM measurements on patterned devices
showed that current pulses could nucleate skyrmions at
lower magnetic fields compared to nucleation by magnetic
fields alone. Since the Pt/Co/Cu multilayers are epitax-
ial, free of magnetic dead layers, and exhibit skyrmions,
this work establishes a model system for systematically
investigating the properties of skyrmions.
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S1. MOKE hysteresis loops of the [Pt/Co/Cu] multilayers

The structures and magnetic properties of [Pt(2)/Co(tc,)/Cu(2)]y sample series are sum-

marized in Table. S1 (replica of Table. 1 in the main text). Fig. S1 shows the MOKE hys-

teresis loops of [Pt(2)/Co(tc,)/Cu(2)]y samples with strong easy-axis anisotropy (sample
I, II, IV, V). Fig. S2 shows the MOKE hysteresis loops of [Pt(2)/Co(tc,)/Cu(2)]y samples

with easy-plane anisotropy (sample VII, IX, X). Fig. S3 shows the MOKE hysteresis loops
of [Pt(2)/Co(tc,)/Cu(2)]y samples that host skyrmions (sample ITI, VI, VIII).

Sample ID Co thickness t¢, Number of periods N Anisotropy
I 4 5 0]10)
I 5 5 010)
11 6 5 OOP (near SRT)
v 7 3 010)5
\Y% 7 4 0]10)
VI 7 5 OOP (near SRT)
VII 7 7 P
VIII 8 4 OOP (near SRT)
X 8 5 P
X 9 5 P
TABLE S1. Summary of the structures and magnetic properties of the samples. This is a replica

of Table. 1 in the main text.
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FIG. S1. Polar (red) and longitudinal (blue) MOKE hysteresis loops of [Pt/Co/Cu] multilayers
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S2. SQUID data of the [Pt/Co/Cu] multilayers

We performed SQUID measurements on [Pt(2)/Co(7)/Cu(2)]5 (sample VI) and [Pt(2)/Co(8)/Cu(2)]4
(sample VIIT), which are the two samples that host skyrmions. The out-of-plane (red) and in-
plane (blue) hysteresis loops of [Pt(2)/Co(7)/Cu(2)]5 (sample VI) and [Pt(2)/Co(8)/Cu(2)]4
(sample VIII) are shown in Fig. S4a and S4b, respectively.

T T T 3 T T T 3
2000 |- S2mPle VI - [Pt(2)/Co(7)/Cu(2)]5 2000 SamPle VIl - [P4(2)/Co(8)/Cu(2)],
| r/ 94 2 i V_—- 2
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FIG. S4. SQUID data of (a). [Pt(2)/Co(7)/Cu(2)]5 (sample VI) and (b). [Pt(2)/Co(8)/Cu(2)]4
(sample VIII), respectively. The black solid line represents 1430 kA /m, which is the saturation

magnetization of bulk Co.



S3. Additional MFM images

We performed additional MFM measurements on [Pt(2)/Co(7)/Cu(2)]5 sample, as shown
in Fig. S5. We started from zero field and ramped up the field up to 100mT gradu-
ally. Similar to [Pt(2)/Co(8)/Cu(2)], sample sample, the magnetic textures were domi-
nated by labyrinth domains at 70mT (Fig. S5a). At 80mT, the magnetic textures re-
mained mostly unchanged as compared to 70mT (Fig. Sbb). However, as the field was
ramped up to 100 mT, a huge portion of labyrinth domains broke into skyrmions or disap-
peared, as shown in Fig. Shc. This measurement demonstrates the existence of skyrmions

in [Pt(2)/Co(7)/Cu(2)]5 sample.

(b)

FIG. S5. MFM images of [Pt(2)/Co(7)/Cu(2)]s sample with magnetic field ramped to (a) 70 mT,
(b) 80mT, and (c) 100mT.



S4. DETERMINATION OF PARAMETERS FOR MICROMAGNETIC SIMULA-
TIONS

We consider the [Pt(2)/Co(6)/Cu(2)]; sample described in the main text. The saturation
magnetization and magnetic anisotropy are determined from SQUID magnetometry, shown
in Figure 2b of the main text. Taking into account the thickness of the sample and contribu-
tion of the 5nm Pt buffer layer, the saturation magnetization is found to be Mg=821kA /m.
The in-plane and out-of-plane saturation fields in the SQUID measurement can be used to
find the effective anisotropy, which combines the magnetic anisotropy described by K, and
the shape anisotropy of the sample. The relationship between the effective anisotropy K.ys

and the magnetic anisotropy K, is given by:
1 V2
Keff == Ku - 5[&0 S (Sl)

Using this relationship, we find the magnetic anisotropy to be K,=608.5kJ/m3.

Next, we determine the exchange stiffness A.,. The usual way to measure the exchange
stiffness is through measuring the transition temperature T~ of the material. However, the
transition temperature in this material is above 400 K, which is the maximum temperature
that can be applied in the experiment. However, we know the exchange stiffness for bulk
cobalt, A.,=11pJ/m, which serves as an upper bound on the T¢ of our material. Since the
thin film will have a lower T than the bulk, the exchange stiffness will be lower accordingly.
There is also a relationship between exchange stiffness and skyrmion size, with larger stiffness
leading to larger skyrmions. Since the skyrmions seen in the experiment are quite large, the
exchange stiffness will be close to the value for bulk cobalt, and the simulations suggest a
value of A.,=10pJ/m.

To try to understand the skyrmion size as a function of magnetic field and the strength
of the DMI in the material, we performed micromagnetic simulations using MuMax3 [? |.
We found for a given value of DMI, the skyrmion size decreases as magnetic field increases,
whereas for a given magnetic field, increasing the strength of the DMI increases the size of
the skyrmion. To understand this, we use the skyrmion ansatz of Wang et al. [? | from their
theory paper on skyrmion size. Our simulation results agree with their findings, that the

skyrmion radius increases with DMI strength and decreases with magnetic field strength.



