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ABSTRACT: Magnetic materials offer an opportunity to over-
come the scalability and energy consumption limits affecting the
semiconductor industry. New computational device architectures,
such as low-power solid state magnetic logic and memory-in-logic
devices, have been proposed which rely on the unique properties of
magnetic materials. Magnetic skyrmions, topologically protected
quasi-particles, are at the core of many of the newly proposed
spintronic devices. Many different materials systems have been
shown hosting ferromagnetic skyrmions at room temperature.
However, a magnetic field is a key ingredient to stabilize
skyrmions, and this is not desirable for applications, due to the
poor scalability of active components generating magnetic fields.
Here we report the observation of ferromagnetic skyrmions at room temperature and zero magnetic field, stabilized through
interlayer exchange coupling (IEC) between a reference magnet and a free magnet. Most importantly, by tuning the strength of the
IEC, we are able to tune the skyrmion size and areal density. Our findings are relevant to the development of skyrmion-based
spintronic devices suitable for general-use applications which go beyond modern nanoelectronics.
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he stabilization of magnetic skyrmions' ™ in thin films able for spintronic applications,'”'*** skyrmions must be

with perpendicular magnetic anisotropy (PMA) results stable without any external magnetic field. As a consequence,
from the competition among different energy terms. Depend- in the past few years, different approaches to stabilize zero-field
ing on the balance between the Heisenberg exchange skyrmions have been developed.””** Those approaches are
interaction, the antisymmetric exchange called the Dzyalosh- based on lateral confinement,”””" current-pulse-induced
inskii—Moriya interaction (DMI) ,5_9 and the magnetic morphological thermal transitions,zs exchange bias,27 and
anisotropy, a particular magnetic multilayer can have a interlayer exchange Coupling‘zs,m The latter two approaches
ferromagnetic or a spin spiral ground state. When the DMI seem to be more suitable for practical applications, since they
is sufficiently strong, helical—called Bloch-type—spin textures allow lateral transport of skyrmions and do not rely on
are suppressed in favor of cycloidal—called Néel-type—spin complicated post-growth initialization processes. Furthermore,
textures. In both of those ground states, the cycloidal spin the interlayer exchange coupling is preferable to the exchange
textures are limited to one specific sense of rotation (left- bias approach due to the tunability of the coupling and thus of
handed or right-handed)®'® determined by the DMI sign. In the stabilized skyrmions. However, a systematic approach to

fine-tune the properties of magnetic skyrmions in the absence
of external magnetic fields is still missing.

Here, we report the fine-tuning of the size and areal density
of ferromagnetic skyrmions at room temperature in epitaxial
metallic multilayers, in the absence of external magnetic fields.

the specific case of a ferromagnetic ground state, which is
relevant for this work, magnetic domains are separated by
Néel-type domain walls (DWs) with a unique rotational sense,
as shown in Figure la. Finally, if a magnetic field is applied
along the anisotropy axis of such a system, isolated magnetic
skyrmions can be nucleated” (Figure 1b).

Thin-film-based multilayers are particularly attractive for the Received:  January 11, 2020
design of potential skyrmionic devices,"'~'* due to the high Revised: ~ May 2, 2020
tunability of their magnetic properties through materials and Published: May 27, 2020

structural engineering. So far, room-temperature ferromagnetic
skyrmions have been observed in many different multi-
layers.”” " In order to make those material systems employ-
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Figure 1. Interlayer exchange coupling stabilization of ferromagnetic skyrmions. (a) Schematic of a magnetic thin film hosting chiral domain walls
due to interfacial DML (b) Stabilization of magnetic skyrmions via an external magnetic field. (c) Stabilization of magnetic skyrmions via IEC. (d)
Schematic of the multilayer stack investigated by density functional theory calculations. (e) Calculated magneto-crystalline anisotropy energies for
the reference and the free magnet. Three different calculations are carried out assuming an in-place lattice spacing (d;) for the stack equal to that of
Ir, Cu, and Nij, respectively. Light blue boxes indicate the values corresponding to the calculation parameters expected to be the closest to the
experimental scenario. (f) Calculated IEC and corresponding effective magnetic field acting on the free magnet (B.g) as a function of the Cu spacer
thickness, for two cases with in-plane lattice spacing equal to that of bulk Cu and Ni, respectively.

The epitaxial multilayers are grown on top of insulating MgO
single crystals, which makes them suitable for application in
spintronic devices. The mechanism used for the stabilization of
the skyrmions is interlayer exchange coupling.””*’~** By
connecting two magnetic layers through a nonmagnetic spacer,
the indirect exchange coupling between the two magnetic
layers is exploited in order to stabilize skyrmions at room
temperature. A schematic of the multilayers investigated here is
shown in Figure 1c. At the bottom of the stack, there is a thick
ferromagnetic reference layer in a single domain state having
all of its magnetic moments pointing in the same direction. At
the top of the stack, there is a thinner magnetic free layer
which, therefore, is subject to an effective magnetic field due to
the magnetization of the reference layer. By changing the
thickness of the nonmagnetic spacer in between the two
magnets, we are able to tune the strength of the effective
magnetic field, which allows us to tailor the properties of the
skyrmions in the free layer.

Using density functional theory (DFT) calculations as
implemented in the VASP package,””** we study the magnetic
properties of the material stack Ir(10)\Ni(12)\Cu(tc,)\Ni-
(2)\Fe(1-2), where the thicknesses are expressed in
monolayers (ML). The material system is assumed to be in
a face centered cubic (fcc) structure, with the stacking along

4740

the [001] crystallographic direction, as schematically shown in
Figure 1d. The materials stack is simulated for three different
conditions, where the in-plane lattice constant (bulk lattice
constant) is assumed to be equal to d;, = 2.72 A (a;, = 3.84 A),
dcy = 2.55 A (ac, = 3.61 A), and dy; = 2.49 A (ay; = 3.52 A)
for Ir, Cu, and Ni, respectively. More details concerning the
DEFT calculations are reported in section S1 of the Supporting
Information. The table in Figure le shows the calculated
magneto-crystalline anisotropy (MCA) for the two magnetic
layers. The bottom magnet Ir(10)\Ni(12)\Cu(8) is predicted
to have PMA, regardless of the chosen in-plane lattice constant
(and Cu thickness, data not shown here). On the other hand,
the Cu(10)\Ni(2)\Fe(1—2) magnet is found to have a MCA
which depends on the chosen in-plane lattice constant and the
thickness of the Fe layer. As reported in the light blue box
(results for calculation parameters expected to be most closely
related to experimental conditions), the free magnet is
predicted to have an in-plane MCA for tz, = 1 ML and an
out-of-plane MCA for g, = 2 ML. Furthermore, Figure 1f
shows the calculated IEC and corresponding effective magnetic
field (By;) as a function of the Cu spacer thickness. The
calculations show that an interlayer exchange coupling is
expected to be present in the system, with a strength that can
be tuned by tailoring the thickness of the spacer. Interestingly,

https://dx.doi.org/10.1021/acs.nanolett.0c00137
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calculations for stacks with different in-plane lattice spacing
show different results. Therefore, we expect the actual in-plane
lattice constant in the prepared stacks to play a very important
role, especially in determining the sign of the IEC,
ferromagnetic (>0) or anti-ferromagnetic (<0).

In order to understand the stability mechanism of magnetic
DWs with a unidirectional sense of the spin rotation in the
Ni(2)\Fe(2) free layer, we perform total energy calculations of
flat homogeneous spin spirals (SSs) characterized by SS vector
q along the I'M high symmetry line in the irreducible two-
dimensional Brillouin zone. Our first-principle calculations are
based on the full-potential linearized augmented plane wave
(FLAPW) method in the film geometry as implemented in
FLEUR code® (see section S1 of the Supporting Information
for more details). The effective spin model describing the free
magnetic layer is comprised of the exchange interaction, DMI,
and MCA. The exchange and DMI constants both are the
effective nearest neighbor interactions, where the former one is
obtained by fitting the dispersion curve E(q) of SSs in the
vicinity of the ferromagnetic (FM) state (q = 0) without spin—
orbit coupling (SOC) while the latter is the result of relativistic
effects within our SOC calculations. In the magnetic multilayer
Cu(001)\Ni(2)\Fe(2), it is convenient to define intralayer
exchange coupling, J** and JV, for the Fe(2) layer and the
Ni(2) layer on the Cu(001) substrate, respectively, and an
interlayer coupling, J*, at the Ni\Fe interface. The results of
our calculations for the exchange interaction and DMI
constants (see section S1 of the Supporting Information for
more details) are summarized in Figure 2. The SS calculations
without SOC show a ferromagnetic ground state for both the
magnetic layers and the full Cu(001)\Ni(2)\Fe(2) system.
The effective intralayer exchange constant within the Fe(2)
layer, J*¥ = 31.1 meV, is much stronger than that in the Ni(2)
layer, "N = 3.2 meV, and the effective exchange constant for
the full system is found to be J.; = 46.2 meV. However, with
inclusion of SOC, the systems show non-collinear ground
states with opposite rotational sense, left-handed for the Fe(2)
layer and right-handed for the Ni(2) layer. The DMI in Ni(2),
DN = 1.2 meV, is stronger than that in the Fe(2) layer, D" =
—0.88 meV. Because of the C,, symmetry of the film geometry,
the DMI vectors around an atom are perpendicular to the
bond connecting its nearest-neighbor atoms. Therefore, only
Néel-type modulation of magnetizations (cycloidal SS) are
supported. Figure 2a shows the dispersion curve for each
magnetic layer and the full system. The energy minima show
that the SS state in the Ni(2) layer is robust and the SS period
is small compared to that in the Fe(2) layer. Interestingly, the
ferromagnetic interlayer exchange coupling, J*N = 13.5 meV,
along with the layer resolved DMI constants, DYF and DN,
support the prediction of a magnetic state in the full system
which has a right-handed rotational sense; see the inset of
Figure 2a. Indeed, all of these energy contributions effectively
stabilize a cycloidal SS ground state in the free layer, with a
rotation period of 4 = 205 nm. The effective DMI for the full
system calculated within DFT is D,z = 0.32 meV (0.16 meV/
atom), in good agreement with the previously reported
experimental estimation, 0.12—0.17 meV/atom, by G. Chen
et al.>® for the materials system Cu(001)\Ni\Fe.

Next, we experimentally investigate the materials stack
described above by in situ imaging in a spin-polarized low
energy electron microscope (SPLEEM). The in situ capabilities
of the SPLEEM allow us to observe the evolution of the
magnetic state of the layer during growth as a function of its
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Figure 2. Dzyaloshinskii—Moriya interaction calculations. (a) Energy
dispersion E(q) of the spin-spiral (SS) as a function of 27! (q/2x in
nm™') along high symmetry line TM. The continuous lines
correspond to the total energy from the model with effective
exchange constant and DMI which are obtained by fitting the SS
energy without SOC and layer resolved SOC contributions,
respectively. The symbols are the calculated energy points close to
the [-point. Red, blue, and green refer to Ni(2), Fe(2), and
Ni(2)\Fe(2), respectively. The black arrow in the inset denotes the
lowest energy state of the full system. (b) Effective nearest neighbor
exchange constants, J., J*5, ™, I, J.¢), and DMJ, D,,, (D, D™,
D), obtained from fitting the energy dispersion of SSs calculated
within DFT without and with SOC, respectively. The intralayer
exchange constants are calculated assuming effectively a one-atom
model for the Fe(2), Ni(2), and full Cu(001)\Ni(2)\Fe(2) layers.
The effective values for the full stack are reported in the last column
on the right.

thickness. The out-of-plane (OOP)-magnetized reference
magnet made of 12 ML of Ni is deposited on an Ir(001)-(1
X 1) buffer layer grown on top of an insulating MgO(001)
single crystal substrate (see the schematic in Figure 3a). Once
the Ni layer is deposited, we saturate its magnetization state
with an external magnetic field of yyH = —0.5 T, resulting in a
single domain state with magnetic moments pointing down.
Afterward, we deposit the Cu spacer and finally the top
magnet, which consists of 2 ML of Ni and ~2.0—2.5 ML of Fe.

We begin our experimental investigation by exploring the
interlayer coupling in this materials system. This is done by
imaging the OOP magnetic state of the Ni(2)\Fe(2.5) free
layer as a function of the thickness of a wedge-shaped Cu
spacer, fc, (details about the growth of the wedged Cu spacer
are available in section S9 of the Supporting Information). It is
worth noting that, in agreement with the DFT calculations, a
PMA is obtained only for t;, > 1 ML, allowing us to observe
OOP domains for tz, = 1.5-2.5 ML (no OOP contrast is
observed for t;, < 1 ML). The investigation of the wedged
sample reveals the presence of a ferromagnetic coupling
between the two magnets over the entire range of the Cu-
wedge thickness (0—35 ML), with a strength that varies as a
function of tc,. This is shown in Figure 3b, where we report
the normalized difference between the fractional areas of

https://dx.doi.org/10.1021/acs.nanolett.0c00137
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Figure 3. Tuning the properties of zero-field ferromagnetic skyrmions via IEC. (a) Schematic of the [001]-oriented multilayer stack investigated in
this work, made of a magnetic Ni(12) reference layer and a Ni(2)\Fe(2—2.5) free layer. The numbers in parentheses indicate the thickness in
monolayers [ML]. The reference layer is prepared with its magnetic state pointing down (see small red arrow). (b) The essence of the interlayer
coupling, determined from the normalized difference between the areas covered by domains aligned ferromagnetically (FM) and anti-
ferromagnetically (AFM) with respect to the reference magnet, as a function of t¢, for a sample having a wedged Cu spacer and fg, = 2.5 ML. One
of the images used for such analysis is shown on the right. The scale bar is 2 ym. (c) Evolution of the OOP magnetic state in the free layer of a
series of samples with different tc,. The scale bar is 2 ym. (d) Distribution of the magnetic skyrmion area for the samples with f., = 11.0, 11.7, 13.5,
and 15.3 ML. (e) Median values of skyrmion area and effective skyrmion diameters extracted from the histograms in panel d. The blue shaded area
represents the standard deviation of the skyrmion area distributions in panel d.

ferromagnetically (FM) and anti-ferromagnetically (AFM)
coupled domains, (FM — AFM)/(FM + AFM) observed in
a 10 ym field-of-view, as a function of fc,. This ratio gives us
information about the sign (>0, ferromagnetic; <0, anti-
ferromagnetic) and the varying strength of the interlayer
coupling between free and reference magnets. As visible in the
graph in Figure 3b, even though the sign of the IEC is the same
for all of the investigated t, values, its amplitude is modulated
by tc,, revealing an oscillatory-like behavior. This points to a
Ruderman—Kittel—Kasuya—Yosida (RKKY) type of cou-
pling,**7***7* where its amplitude is expected to oscillate as
a function of the spacer’s thickness, even though no change in
the sign of the IEC is observed. This is a very surprising and
interesting result, and more details about the nature of the
magnetic coupling in our samples can be found in section S8 of

the Supporting Information. Indeed, when compared with the
calculated IEC values reported in Figure 1f, the experimentally
observed coupling does not follow the predicted sign change.
Accordingly, the nature of the IEC in the magnetic multilayer
Ni\Cu(tc,)\Ni\Fe is investigated in more detail in a wedged
sample made of Cu(001)\Ni(12)\Cu(tc,)\Ni(2)\Fe(2.5)
(see section S8 of the Supporting Information). The epitaxial
multilayer grown on a Cu(001) single crystal shows clearly an
IEC whose sign oscillates as a function of t, (see Figure S10).
Based on this observation, the absence of a sign change of the
IEC in the multilayers grown on top of MgO single crystals
seems to be linked to the presence of the Ir buffer required to
stabilize the PMA-Ni layer, which causes a lower quality of the
epitaxial growth and possibly of the interfaces in those samples
when compared to the full metallic stack. Indeed, the sign

4742 https://dx.doi.org/10.1021/acs.nanolett.0c00137
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change of the interlayer coupling is the result of complex
dynamics of the conduction electrons close to the Fermi
surface, influenced by the interfaces of the systems. Our
samples are characterized by strain accumulation due to lattice
mismatch and strain relaxation across the stack which cannot
be modeled by DFT, and this could be the origin of the
unexpected absence of an IEC sign change in the experimental
observation.

In Figure 3¢, the OOP domain state of the top magnet of
five different samples is reported as a function of the Cu
thickness. Here, each data set originates from a different
sample with a fixed t¢,. As expected based on the results shown
in Figure 3b, very different magnetic domain configurations are
observed in samples with different ¢.,. This is consistent with
an effective magnetic field acting on the free magnet, whose
strength is t-,-dependent. For -, = 8.5 ML, we observe the
free layer to have a uniform magnetization pointing down
(blue), indicating a strong ferromagnetic coupling with the
bottom magnet. For larger tc, up to 15.3 ML, the coupling is
observed to become weaker. Indeed, we observe reversed
magnetic domains pointing up (red domains) with different
size distributions for different tc,. Analyzing the magnetic
images in Figure 3¢, we extract the skyrmion area distributions
for the case of t-, = 11.0, 11.7, 13.5, and 15.3 ML, as reported
in Figure 3d (details concerning the extraction of the skyrmion
area distributions are reported in section S10 of the Supporting
Information). Assuming an ideal circular shape for the
magnetic domains, we also extract the corresponding
distributions of the effective skyrmion diameters

(2+/Area/x). The median values of the skyrmion area and
effective diameter are reported in Figure 3e. The effective
diameter is observed to increase with increasing Cu thickness,
suggesting the presence of an effective field B whose
amplitude decreases with increasing fc, in the range of
thicknesses here considered. It is worth mentioning that the
IEC-stabilized magnetic skyrmions are observed not only in
the as-grown magnetic multilayers but also after the application
of an external magnetic field of 0.5 T (see section S7 of the
Supporting Information for more information).

A second sample with tc, = 11.7 ML and tz, = 2 ML is
prepared to study more in detail the spin texture of the
stabilized zero-field ferromagnetic skyrmions. Figure 4a
schematically shows the complete materials stack and the
experimental OOP magnetic state in the top Fe layer. Figure
4b shows an enlarged image of one of the observed skyrmions,
highlighting the domain wall spin texture. The compound
SPLEEM image clearly shows a Néel-type skyrmion, with a
right-handed rotational sense. In Figure 4c, we report the
distribution of the orientation angle (alpha) of the DW
magnetization (m) with respect to the normal to the DW (n)
at all pixels located on domain wall center-lines in the image in
Figure 4a. The plot shows a single peak around alpha = 0°,
indicating the presence of DWs with a Néel character, mostly
pointing from up-magnetized to down-magnetized domains,
which corresponds to a right-handedness (N.R,, in Figure 4c).
We point out that the handedness of the imaged DWs is in
agreement with the DFT calculations above, which indeed
predict the stabilization of right-handed DWs in the
Cu(001)\Ni(2)\Fe(2) system, as reported in Figure 2. Finally,
Figure 4d shows a 3D representation of the magnetization of
the same skyrmion in Figure 4b, extracted directly from the
experimental data.
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Figure 4. Skyrmion anatomy. (a) OOP magnetic state of a sample
whose complete materials stack is shown on the left. The reference
layer magnetization is pointing down, as shown by the red arrow. The
scale bar is 2 ym. (b) Compound SPLEEM image of one of the
observed skyrmions, showing its Néel-type right-handed chirality. The
in-plane magnetization orientation is described by the color wheel.
The gray arrows indicate the local magnetization direction in the DW.
The scale bar is 200 nm. (c) Histogram of the DW magnetization
angle distribution for the skyrmions in panel a. The single peak at
alpha = 0° shows that the observed magnetic skyrmions are Néel-type
with right-handed chirality (N.R. = Néel-Right; N.L. = Néel-Left; B.R.
Bloch-Right; B.L. Bloch-Left).(d) A three-dimensional
representation of the magnetization of the skyrmion in panel b.
Each cone represents a 3 X 3 pixel” area.

The study presented above shows how we can use IEC to
stabilize and control the properties of ferromagnetic skyrmions
at room temperature without any external magnetic field.
However, applications such as magnetic data storage devices
also require small (below 100 nm) dimensions of the
skyrmions. With this requirement in mind, we explore a new
materials system grown on top of a MgO(111) substrate. The
interest in (111)-systems is justified by the fact that they offer
more flexibility for the type of materials we can use. First,
several (111)-textured magnetic systems have been shown to
possess an OOP anisotropy,””*" which is one of the
requirements for a thin-film-based skyrmionic system. Second,
the majority of the reported thin-film multilayers with large
DMI hosting skyrmions had a (111) texture, with the
ferromagnetic layer in direct contact with a heavy metal
layer.”'”"” Accordingly, we use [Co\Ni], multilayers for
building the two magnets and Ir for the nonmagnetic spacer.
(111)-Oriented [Co\Ni], multilayers are known for being very
useful, due to their tunable magnetic anisotropy via tailoring of
the thickness ratio between the two materials." We grow a
reference magnet consisting of [Ni(3)\Co(1)]5\Ni(3) on top
of an Ir(111) buffer layer, resulting in an OOP magnetized
system. Analogously to what has been done for the (001)
system, after growth, the reference magnet is saturated by a
HoH = —0.5 T magnetic field, which aligns all of the magnetic
moments downward. After the deposition of the Ir spacer, we
complete the stack by growing the free magnet consisting of a
Co(5)\Ni(3) bilayer (see the schematic in Figure Sa).

Three different samples are investigated, with ;= 6, 10, and
15 ML, respectively. The magnetic state of the free layer of the
three samples is shown in Figure 5b. The sample with the

https://dx.doi.org/10.1021/acs.nanolett.0c00137
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Figure 5. Sub-100 nm zero-field room temperature ferromagnetic skyrmions. (a) Schematic of the (111)-multilayer stacks investigated in this work,
made of a magnetic [Ni(3)\Co(1)]\Ni(3) reference layer and a Co(5)\Ni(3) free layer. The numbers in parentheses indicate individual layer
thicknesses in ML. The reference layer is prepared with its magnetic state pointing down (see small red arrow). (b) Evolution of the OOP magnetic
state in the free layer of three samples with different Ir-spacer thicknesses. The scale bar is 1 um. (c) Distribution of the magnetic skyrmion area for
the sample with #;, = 10 ML. (d) Distribution of the effective skyrmion diameter for the same sample in panel c. (e) Line profile of the relative
amplitude of the OOP magnetization component across one of the observed skyrmions for t;, = 10 ML. The inset shows an enlarged image of the
skyrmion. The extracted skyrmion diameter (fwhm) is 78 + 3 nm. (f) 2D map of the relative amplitude of the OOP magnetization component of
the skyrmion in panel e. (g) Schematic of the multilayer stack used to extract the DW spin texture of the Ir'\Co(5)\Ni(3) free layer. In the
compound SPLEEM image, the in-plane orientation of the magnetization is represented in color, as described by the color wheel, while black
(white) indicates the up (down) orientation of the OOP component. In addition, the gray arrows emphasize the local magnetization direction in
the DWs. The scale bar is 1 ym. (h) Histogram of the DW magnetization angle distribution for the sample in panel g. The single peak at alpha = 0°

indicates the presence of right-handed Néel domain walls (N.R. = Néel-Right; N.L. = Néel-Left; B.R. = Bloch-Right; B.L. = Bloch-Left).

thinnest spacer shows a single domain state with magnetization
pointing down (red color). This indicates strong ferromagnetic
coupling between the reference magnet and the free magnet.
The sample with intermediate spacer thickness shows the
appearance of small reversed domains (blue-white) pointing
up. Finally, for the thickest spacer, larger reversed domains are
observed. These observations indicate the presence of an
effective field B.g which decreases with increasing f;, for the
thicknesses investigated here. The skyrmion area and effective
diameter distributions for #;, = 10 ML are shown in Figure Sc
and d, respectively. Those distributions show that a substantial
portion of the skyrmions have a sub-100 nm diameter. A line
profile measured from one skyrmion allows us to extract a full
width at half-maximum of 78 + 3 nm via a Gaussian fit (see
Figure Se). Figure Sf plots the relative amplitude of the OOP
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component of the magnetization versus the position of the
same skyrmion.

In order to extract the handedness of the DWs in the free
magnet, we investigate the materials stack MgO(111)\Ir(10)\-
Co(5)\Ni(3), as shown in Figure Sg. This system shows wider
DWs, which makes it easier for us to resolve their internal spin
texture. The observed DW spin texture and the distribution of
the DW magnetization orientation angle (alpha) are shown in
Figure Sg and h, respectively. As visible in the histogram in
Figure Sh, the DW magnetization angle distribution has a
narrow single peak around alpha = 0°, indicating that these are
Néel DWs with a right-handed rotational sense.

Comparing Figure 4c and Figure Sh, we see that the DW
magnetization angle distribution shows a much smaller width
of the peak for the Ir\[Co\Ni] system (Gaussian fit width =
35°) than for the Cu\[Ni\Fe] system (width = 98°; see

https://dx.doi.org/10.1021/acs.nanolett.0c00137
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section SS of the Supporting Information). This is evidence of
a larger DMI in Ir\[Co\Ni] than in Cu\[Ni\Fe]. Indeed, a
stronger DMI results in a larger energy split between Néel and
Bloch DW configurations as well as between Néel-right and
Néel-left DW configurations. Accordingly, stronger DMI is
expected to stabilize non-collinear spin textures which are
more robust against thermal fluctuations and pinning effects
due to imperfections of the system, resulting in a narrower DW
angle distribution, as reported in this work. These findings are
in agreement with reports from the literature, where the
experimentally extracted DMI for Ir(111)\[Co\Ni]** was
found to be 3 times stronger than that for Cu(001)\Ni\Fe.*®
The DFT-extracted DMI for Cu(001)\Ni(2)\Fe(2) (D, =
0.16 meV/atom, see Figure 2b) is in good agreement with the
experimental value reported by G. Chen et al.>® (0.12—0.17
meV/atom), validating the experimentally determined DMI of
the two references above and supporting our interpretation.
Furthermore, the Ir\[Co(5)\Ni(3)] system shows the
possibility to nucleate smaller skyrmions than the Cu
\[Ni(2)\Fe(2)] system, despite the larger dipolar energy of
the former due to its larger magnetic thickness.* Accordingly,
the Ir-based stack will be more suitable for applications
requiring small and stable isolated skyrmions in the absence of
external magnetic fields at room temperature.

In summary, our results show that interlayer exchange
coupling (IEC) between a reference and a free magnet can be a
powerful tool for stabilizing and tailoring room-temperature
isolated ferromagnetic skyrmions without any magnetic field.
These multilayers are grown by epitaxy on insulating MgO
substrates, which is an important step toward the development
of spintronic devices based on zero-field room temperature
magnetic skyrmions. Furthermore, the size and the areal
density of the nucleated skyrmions can be tuned by tailoring
the thickness of the nonmagnetic spacer in between the two
magnetic layers. By carefully choosing the materials of the
spacer and of the magnets, sub-100 nm ferromagnetic
skyrmions can be stabilized at zero-field. This work highlights
the possibility to use IEC for the development of skyrmion-
based spintronic devices where the tuning of the skyrmion size
and areal density across the chip area is desired.
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