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The interfacing of magnetic materials with nonmagnetic heavy metals with a large spin-orbit coupling,
such as Pt, results in an asymmetric exchange interaction at the interface due to the Dzyaloshinskii-Moriya
interaction (DMI), which in turn leads to the formation of skyrmions and topological spin structures
in perpendicularly magnetized multilayers. Here, we show that out-of-plane spin domains with lateral
dimensions from 200 nm to 2 μm are stabilized in in-plane magnetized Ta/Co/Pt trilayers. We show that
these spin textures are largely insensitive to the direction of the in-plane magnetization switched by either
magnetic fields or electric fields applied across a Si3N4 gate dielectric. The results of micromagnetic sim-
ulations indicate that the DMI is required for the stabilization of such out-of-plane domains and that the
presence of surface roughness helps to stabilize larger structures, in agreement with experimental results.
We identify these spin structures as meronlike topological textures, characterized by a perpendicular spin
texture in an uniformly in-plane magnetized system.
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I. INTRODUCTION

Symmetry breaking at interfaces often leads to the emer-
gence of physical phenomena not present in the bulk-
counterpart materials [1,2], an example of which is the
onset of a net Dzyaloshinskii-Moriya interaction (DMI)
in asymmetric multilayer stacks, where ferromagnetic lay-
ers are interfaced with nonmagnetic metals with a large
spin-orbit coupling (SOC), such as Pt, Ir, or Pd, that can
stabilize skyrmion spin textures in perpendicularly mag-
netized systems [3–7]. Skyrmions are nontrivial magnetic
spin textures considered to offer better functionalities for
spintronic and storage devices owing to their topologi-
cal nature, which provides stability from defects and from
external perturbations [8–12]. For example, it has been
shown that skyrmions and skyrmionic structures can be
displaced using relatively small current densities [12], sta-
bilized under an applied magnetic field [13] and, when
interfaced with a gate dielectric, controlled by an applied
electric field [14–17]. More generally, the topological
nature of a spin texture is characterized by the topologi-
cal charge or skyrmion winding number [18–21]. A chiral
skyrmion is endowed with a topological charge of unity,
which is reminiscent of magnetic bubbles at similar length
scales with a skyrmion number of unity [13,22]. Besides
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skyrmionic structures, magnetic vortices, chiral domain
walls [23,24], Bloch-point domain walls [25], inhomoge-
neous cycloidal spin structures [26], and merons [27–29]
are also topological in nature and are of great interest
as they exhibit a similar topological protection to that of
skyrmions, which can be classified into Néel [30–35] and
Bloch [8,9,36–40] types according to the type of domain
wall present on the structure [24] and are usually found
in systems with a strong perpendicular anisotropy. Merons
are another type of topological excitation consisting of
a winding structure with a topological number of ±1/2
and they resemble a Néel-type skyrmion but in a system
with dominant in-plane anisotropy [28]; they have been
observed in bulk crystals [41] as well as in thin films of
(Co,Zn)Mn [28,42], NiBr2 [43,44], and GdRu2Si2 [45] and
in coupled magnetic multilayer structures [46–49]. In con-
trast, thin films with in-plane anisotropy have Néel walls
[50], which are nonchiral [10], and the question arises
as to whether by introducing symmetry-breaking interac-
tions in such a system, topological or chiral magnetic spin
textures can be induced. Here, we report the formation
of out-of-plane spin structures induced by the DMI in a
single trilayer of Ta/Co/Pt exhibiting a dominant in-plane
magnetic anisotropy. Further, we observe a magnetoelec-
tric coupling in Si3N4/Ta/Co/Pt using silicon nitride as
a gate dielectric [51], manifest through large changes in
the magnetic configuration with an applied electric field.

2331-7019/20/14(5)/054031(11) 054031-1 © 2020 American Physical Society

https://orcid.org/0000-0001-5098-5635
https://orcid.org/0000-0002-1520-8993
https://orcid.org/0000-0003-4366-5726
https://orcid.org/0000-0002-4110-1567
https://orcid.org/0000-0003-1281-8697
https://orcid.org/0000-0002-5679-5370
https://orcid.org/0000-0002-6209-8918
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.14.054031&domain=pdf&date_stamp=2020-11-13
http://dx.doi.org/10.1103/PhysRevApplied.14.054031


JAIANTH VIJAYAKUMAR et al. PHYS. REV. APPLIED 14, 054031 (2020)

Our experiments agree with the results of micromagnetic
simulations, which confirm the presence of such spin struc-
tures in Ta/Co/Pt with an internal spin texture resembling a
meron pair. We also show that roughness helps to stabilize
larger spin structures.

II. SAMPLE PREPARATION AND
CHARACTERIZATION TECHNIQUES

In order to introduce a nonzero DMI into our film struc-
ture, we fabricate asymmetric chiral magnetic multilayers
based on Ta/Co/Pt [52]. Figure 1(a) shows a schematic
representation of our final device structure, where a 200-
nm-thick high-resistivity silicon nitride membrane is used
as substrate and as a gate dielectric. Before the metal depo-
sition, the membranes are treated in a piranha solution

at 90◦C (sulfuric acid to hydrogen peroxide 3:1; CAU-
TION: highly corrosive and dangerous to skin) to remove
surface contamination. First, top and bottom electrical con-
tacts consisting of Cr(3 nm)/Cu(80 nm)/Cr(3 nm) films
are deposited by thermal evaporation and defined using
a shadow mask. Next, we perform the magnetic multi-
layer deposition process using dc-magnetron sputtering.
Two sample sets are produced, denoted here as sample sets
A and B, respectively. Sample set A (grown at the Uni-
versity of Manchester) is fabricated from elemental targets
using a working gas of high purity Ar under a pressure
of about 4 × 10−3 mbar and a power of a 100 W. The
typical base pressure prior to sputtering is approximately
10−8 mbar. Sample set B (grown at the Paul Scherrer Insti-
tute) is deposited in a system with a base pressure of 10−7

mbar under an Ar flow of 5 sccm (corresponding to a
chamber pressure of about 2.5 × 10−3 mbar) using a power

(a) (b) (c)

(d) (e) (f)

(g)

FIG. 1. (a) A schematic of the fabricated sample structure, showing the silicon frame in blue, the membrane in yellow, and the
two rectangular top electrodes in orange; the Ta/Co/Pt film is deposited on top of the membrane and overlapping the electrodes. The
angle θ represents the azimuthal rotation of the sample in the microscope. Atomic force microscopy images of (b) Si3N4 and (c)
SiOx substrates. (d),(e) Longitudinal and polar MOKE characterization of Ta/Co(6.5 Å)/Pt on Si3N4, respectively. (f) An XPEEM Co
elemental-contrast image of Ta/Co(5.5 Å)/Pt, showing a uniform Co distribution and the Cr marker structures (stripe and label “4” in
the center). (g) The domain configuration of Si3N4/Ta/Co/Pt for different Co layer thicknesses, as denoted in the individual images.
The length of the scale bars is 10 μm; the direction of the magnetic contrast and the XMCD amplitude range (set to ±0.03 for 5–6.5
Å Co and to ±0.06 for 10 Å Co) is indicated by the arrow.
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of 200 W for Ta and 50 W for Pt and Co. In both sam-
ple sets, the magnetic layer thickness is varied to tune the
magnetic parameters of the sample and is found to yield
consistent results. Sample set A consists of Ta(10 Å)/Co(6
Å)/Pt(10 Å) and Ta(10 Å)/Co(10 Å)/Pt(10 Å). Sample set
B consists of Ta(10 Å)/Co(5-10 Å)/Pt(15 Å). The two
sample sets are deposited on both Si3N4 membranes and
on reference SiOx/Si(001) wafers for subsequent atomic
force microscopy (AFM) and magnetic characterization.
Although the magnetic films are grown simultaneously,
the two types of substrates have significantly different sur-
face morphologies, with rms surface roughness σ = 1.3
nm and below 0.5 nm for the Si3N4 and SiOx substrates,
respectively, as shown by AFM [see Figs. 1(b) and 1(c)].
For the Si3N4 case, the surface lateral-correlation length is
estimated as ξ = 46 nm, giving an average radius of curva-
ture (approximately ξ 2/16σ ) of 100 nm. Importantly, the
Ta layer interfacing the silicon nitride membrane is kept
at 1 nm to maximize the magnetoelectric coupling effect
and also acts to protect the Co from surface adsorbates
[51]. Finally, reference markers made of Cr are patterned
by electron-beam lithography used in x-ray photoemis-
sion electron microscopy (XPEEM) for sample and image
alignment.

The samples are characterized using the magneto-optic
Kerr effect (MOKE), superconducting quantum interfer-
ence device (SQUID) magnetometry, and x-ray photoe-
mission electron microscopy at room temperature. The
XPEEM characterization is performed at the SIM beam-
line [53] (Swiss Light Source, Paul Scherrer Institut),
under ultrahigh vacuum (base pressure of 5 × 10−10 mbar).
From XPEEM, one can obtain spatially resolved absorp-
tion spectra, while magnetic contrast images are obtained
by using the x-ray magnetic circular dichroism (XMCD)
effect, which refers to the dependence of light absorption
on the magnetization direction, I ∝ M · γ , where M is the
magnetization vector and γ is the x-ray propagation vec-
tor, with XMCD = (I+ − I−)/(I+ + I−) (dimensionless),
where I± is the absorption amplitude for right- and left-
polarized light [54]. The low angle of incidence of the
light in our setup, 16◦, makes it more sensitive to the in-
plane magnetization component; it also follows that, upon
rotation of the sample with respect to the surface nor-
mal [see Fig. 1(a)], the magnetic contrast of the in-plane
magnetization changes, while that of the out-of-plane mag-
netization remains constant [55]. The XMCD images are
obtained by acquiring images with circularly right- and
left-polarized photons with the energy set to the absorp-
tion edge (in this case, Co L3 edge) and dividing pixelwise
the difference by the sum of the images [56,57]. For good
statistics, the total integration times for the XMCD images
shown here are in the range from 12 to 16 min. Suitable
XPEEM sample holders equipped with an electromag-
net or equipped with electrical contacts to the sample are
used for the application of magnetic and electric fields

in situ, respectively [58]. To minimize the risk of electri-
cal discharges and damage to the samples, the XPEEM is
operated at a low voltage of 10 kV for the films grown
on Si3N4 membranes, while for the samples grown on
SiOx, we use a standard operation voltage of 15 kV. Before
XPEEM characterization, the samples are demagnetized
using an in-plane alternating magnetic field (15 ± 5 mT
amplitude).

Micromagnetic simulations are carried out with the
MUMAX3 micromagnetic simulation package [59] using
the experimental values for the magnetization and out-
of-plane and in-plane uniaxial magnetic anisotropies, an
exchange constant [11] A = 1.0 × 10−11 J/m, and a DMI
value varying from 0 to 2.2 mJ/m2. The simulation grid
chosen is 1786 × 1786 × 1, with a cell size selected for our
system of 1.12 nm × 1.12 nm × 0.65 nm, corresponding
to a system size of approximately 2000 nm × 2000 nm ×
0.65 nm. To include the effect of roughness, we use the sur-
face topography of Si3N4 measured by AFM, extended to
the simulated system size (2000 × 2000 nm2) by stitching
copies of the AFM image. We then calculate the direction
of the individual facets from the individual pixels of the
AFM image (1.12 × 1.12 nm2) and assign a corresponding
favorable anisotropy direction and DMI vector to the sur-
face plane used for the micromagnetic calculations, i.e., the
simulations are carried out on a flat surface but with each
pixel having a different favorable easy axis, as illustrated in
Fig. 3(a). One consequence is that we neglect the magneto-
static energy contribution from the so called “orange-peel”
effect arising from the surface roughness [60,61].

III. RESULTS AND DISCUSSION

The magnetic configuration of Ta/Co/Pt as a function
of Co thickness (5-10 Å) measured with XPEEM under
zero applied magnetic field is summarized in Fig. 1(g).
The XMCD images show that below 5.5 Å, the sys-
tem is in a uniformly magnetized monodomain state,
while above 10 Å we observe large magnetic domains (as
expected for such ultrathin films, the magnetic contrast is
seen to increase with the Co film thickness). For thick-
nesses in between, a complex magnetic domain structure
is observed, showing the presence of small domains with
opposite contrast to that of the larger background domain.
MOKE measurements across the sample series indicate
that the samples are in-plane magnetized, i.e., we do not
find a spin reorientation transition in the Si3N4/Ta/Co/Pt
trilayer system. However, the change in domain structure
between 6 and 6.5 Å indicates that, at this particular thick-
ness, the magnetic energy balance of the system reaches a
saddle point, suggesting a stronger susceptibility to exter-
nal perturbations. The MOKE results for the Ta/Co(6.5
Å)/Pt sample, presented in Figs. 1(d) and 1(e), display a
square easy axis for longitudinal MOKE and a hard-axis
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behavior for polar MOKE, showing that the average mag-
netization lies in plane. However, the saturation field of
0.4 T for the out-of-plane direction shows that a significant
perpendicular anisotropy is present, which we estimate as
Ku ≈ HsatMs/2 − μ0M 2

s /2 = −1.1 MJ/m3 using the sat-
uration magnetization value Ms = 1.47 MA/m obtained
from SQUID magnetometry (using the nominal Co thick-
ness value). From angular-dependent longitudinal MOKE
measurements, we also find the presence of a small in-
plane uniaxial anisotropy, of the order of 0.25 MJ/m3 (not
shown). The presence of a dominant in-plane magnetic
anisotropy in our samples is in contrast to other reports
in the literature for Ta/Co/Pt multilayer structures, where
a spin-reorientation transition is found at around 2 nm
[62–65]. One difference could lie in the fact that most
studies employ a Ta buffer layer (2–6 nm thick) to pro-
vide a smoother template for the subsequent multilayer
growth, also then usually starting with the Pt layer. In the
examples where the film growth starts with the Ta layer
[66,67], the magnetization is in plane but both the Ta and
Co layers used are relatively thick (4–6 nm and 2–2.5 nm,
respectively). In our case, we keep the Ta layer delib-
erately thin (10 Å); this likely has the effect of keeping
the substrate morphology and, through reaction of the Ta
with adsorbates from the substrate, of reducing the inter-
face anisotropy of the Co layer. Note that we prepare two
film batches from different deposition systems on both
Si3N4 and SiOx substrates across a series of thicknesses,
showing consistent results, i.e., both XPEEM and mag-
netometry results show dominant in-plane magnetization,
with a strong perpendicular anisotropy (−1.1 MA/m3)
that is insufficient to overcome the magnetostatic shape
anisotropy (1.3 MA/m3). On the other hand, Pt/Co/Pt films
grown under similar conditions exhibit out of plane mag-
netization [51], indicating that the in-plane magnetic state
is related to the Co/Ta interface.

To obtain a full mapping of the magnetic configura-
tion, several magnetic contrast images are acquired by
rotating the sample with respect to the x-ray propaga-
tion direction. The results for the Ta/Co(6.5 Å)/Pt sample
are shown in Fig. 2 for measurements taken at 0◦, 45◦,
and 90◦. At 0◦, the magnetic contrast image indicates
the presence of irregularly shaped dark-contrast domains
in a brighter background. At 45◦, we see the appear-
ance of regions with reverse contrast and at 90◦ we find
that most contrast in the image has inverted to black.
This shows that those regions are in-plane magnetized,
with the magnetization pointing predominantly along the
x direction of Fig. 1(a) in the 0◦ image. In addition, we
observe regions with both white and black contrast that
remain unchanged with the angle of measurement, indi-
cating regions with out-of-plane magnetization (for exam-
ple, the regions encircled in Fig. 2); similar results are
found for the SiOx reference sample, although the domain
size is on average smaller (not shown). We rule out the

FIG. 2. XMCD images of Ta/Co(6.5 Å)/Pt on Si3N4, acquired
at 0◦, 45◦, and 90◦ with respect to the x-ray direction. The cir-
cles denote out-of-plane magnetized domains. The square at the
bottom and the label “4” in the middle of the image are non-
magnetic Cr markers (indicated by black arrows). The direction
of the magnetic contrast is indicated by the bidirectional arrow,
with the XMCD amplitude range set to ±0.03.

possibility that these out-of-plane domains correspond to
nonhomogeneous regions with locally high perpendicular
magnetic anisotropy, since the positions of these domains
change after demagnetizing the sample with an in-plane ac
magnetic field of about 15 ± 5 mT.

To gain a better understanding of the local spin struc-
ture, we carry out micromagnetic simulations; to reproduce
the out-of-plane domain structures, we start from an ini-
tial configuration where an out-of-plane circular region is
surrounded by in-plane spins, as shown in Fig. 3(b), and
then we let the system relax to its energy minimum at
zero magnetic field for various values of the DMI. The
results of the micromagnetic calculations show that when
no DMI is present in the system, only the uniform in-plane
magnetized state is stable; when the value of the DMI is
increased, we find that at a critical value of 1.6 mJ/m2,
a small out-of-plane structure can be stabilized, together
with an in-plane antivortex structure [Fig. 3(c)]. The DMI
value obtained from the simulation is comparable to the
value reported for the Pt/Co/Ta system [12,52,66]. Such a
winding structure present in a uniformly magnetized back-
ground can be seen as a direct consequence of the DMI,
which favors a noncollinear configuration at the cost of
magnetostatic, exchange, and magnetic anisotropy energy,
ultimately determining its lateral size. While the simulated
structure for a perfect film is much smaller than the struc-
tures that are observed experimentally, when we include
the effect of film roughness we find that the size of the in-
plane and out-of-plane domains increases significantly, as
seen in Figs. 3(d) and 3(e), showing that the effect of film
roughness is that of stabilizing the out-of-plane domain,
partly as a consequence of a reduced magnetostatic energy.
This result agrees with the observation of smaller out-
of-plane structures for Ta/Co/Pt grown on the smoother
SiOx substrates (where we also observe large thermal fluc-
tuations in the domain size). The region with a strong
out-of-plane magnetization found in the simulations, indi-
cated by the red color in Fig. 3(e), is relatively wide and is
part of an extended in-plane antivortex type spin structure.
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FIG. 3. (a) The roughness profile and anisotropy direction used in the simulation. (b) The initial domain configuration. (c),(d) The
final domain configuration for DMI = 1.6 mJ/m2 (c) without surface roughness and (d) with surface roughness. (e) The vector map
of the out-of-plane magnetization component obtained in (d). (f),(g) Enlarged views of individual antimeron and meron structures,
respectively. The contour map represents the direction of the in-plane x- and y-magnetization-vector components in (b)–(d), while the
color scale bar represents the z component of the magnetization vector in (e)–(g).

From the cross section of the spin structure [Fig. 3(e)], we
find the topological number to be ±1/2, identifying such
structures as a pair of merons. The individual spin struc-
tures of the antimeron and meron are shown in Figs. 3(f)
and 3(g), respectively: while the meron structure corre-
sponds to a simple antivortex structure, the antimeron spin
configuration is more complex, corresponding to two head-
to-head spin vortex configurations [27–29]. In XPEEM,
we observe the entire structure as a single entity with
fixed contrast. In XPEEM, the out-of-plane spins should
appear with a reduced contrast with the in-plane spins
being between gray and white or dark, depending on the
contrast direction. However, while we can clearly identify
regions with constant contrast for the different measure-
ment angles, the resolution of the data is not sufficient to
determine the in-plane spin structure of the meron pairs.

More information about the out-of-plane spin structure
can be obtained by following the changes in the domain
configuration with an applied magnetic field. We consider
first the case of an in-plane static magnetic field, which
is applied in steps of about 0.5 mT in plane, along the
direction of the light propagation [x in Fig. 1(a)], with

the sample then measured at remanence. After applying
a magnetic field of +4 mT [above the coercive field, see
Fig. 1(d)], we obtain a magnetic state corresponding to
a quasiuniform in-plane magnetized state but with many
smaller regions with a reduced contrast level (indicating
out-of-plane magnetization) [Fig. 4(a)]; after applying a
reverse magnetic field of –2 mT, we find that the mag-
netic contrast of the in-plane magnetization reverses, while
the magnetic contrast of the out-of-plane regions remains
largely unchanged [Fig. 4(b)]. An enlarged view of such
regions of the sample and the respective XMCD signal
profile are shown in Figs. 4(c)–4(e). One finds, in partic-
ular, that the contrast of the out-of-plane region remains
the same when the neighboring in-plane spins change
direction, showing that the out-of-plane spin structures are
robust and largely insensitive to in-plane magnetic fields
and to the surrounding in-plane magnetization. This pro-
cess is reproducible and we observe the same effect for
most perpendicular spin structures. However, the out-of-
plane domains can be modified by larger in-plane and
out-of-plane applied magnetic fields. In some cases, we
find that the out-of-plane domain can also be completely
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(a) (b)

(c) (d) (e)

(f)

H

FIG. 4. An overview of the
change in the magnetic domain
structure after an in-plane mag-
netic field of (a) 2 mT and
(b) −2 mT is applied to the
sample and measured at rema-
nence. (c),(d) Enlarged images of
the domain configuration in the
white box shown in (a) and (b).
The dashed white circles indi-
cate regions with perpendicular
spins. The direction of the mag-
netic contrast is indicated by the
arrow (XMCD amplitude range
set to ±0.06). (e) XMCD pro-
files across the dotted blue and
red lines marked in (c) and (d),
respectively. (f) Micromagnetic
simulations showing the effect of
the in-plane magnetic field on
the perpendicular spin structure
shown in Figs. 3(d) and 3(e),
where the contour map represents
the in-plane components of the
magnetization vector.

annihilated with a large in-plane magnetic field (from
±2 mT), which further confirms that these out-of-plane
structures are not pinned to a specific region. The results
of micromagnetic simulations when an in-plane magnetic
field is applied to the spin structure shown in Figs. 3(d)
and 3(e) are shown in Fig. 4(f). When the magnetic field
is applied along the direction of the in-plane magneti-
zation, we find that its main effect is that of reducing
the transverse in-plane components surrounding the meron
structure, while the out-of-plane component of the meron-
pair structure is found to be stable up to relatively high
fields. When the magnetic field is applied in the oppo-
site in-plane direction, the transverse spin components
of the meron structure rotate around the perpendicular
spin component and expand slightly without collapsing, in
qualitative agreement with the experimental results.

The effect of applying an out-of-plane magnetic field, in
the range of ±3.5 mT, is also investigated with XPEEM.
In this case, the images are taken while the magnetic field

is being applied to the system, with positive fields defined
as favoring white magnetic contrast. An overview of the
experimental results is shown in Fig. 5(a); the initial state
shows the presence of a magnetic texture characterized by
small magnetic domains with weak magnetic contrast, cor-
responding to out-of-plane magnetic domains, in addition
to a few reverse (white) in-plane domains (e.g., on the top
right). As a negative magnetic field is applied, we observe
subtle changes in the magnetic configuration, including a
reduction in size of the large in-plane domain (possibly
due to a small in-plane magnetic field component) and a
reversal in the magnetic contrast of several of the small
intermediate light-contrast regions; back at remanence, we
find that the light-contrast regions that reversed contrast
revert back to the original state. An enlarged view of the
changes in the magnetic configuration in the region marked
with a white box in Fig. 5(a) is provided in Figs. 5(b)–5(f),
showing the magnetic configuration for consecutive val-
ues of the applied magnetic field. In particular, one finds
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(a)

(b) (c) (d) (e) (f)
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FIG. 5. (a) An overview of
the change in the domain
structure with an applied out-
of-plane magnetic field of 0
mT, 2.5 mT, and 0 mT. (b)–(f)
Enlarged images of out-of-
plane spin structures marked
with a white box in (a) as
a function of the applied
out-of-plane magnetic field.
The direction of the mag-
netic contrast is indicated by
the arrow (XMCD ampli-
tude range set to ±0.03). (g)
The effect of the out-of-plane
magnetic field on the out-of-
plane spin structures deter-
mined by micromagnetic sim-
ulations. The contour map
represents the direction of
the x- and y-magnetization-
vector components for the top
row of (g) and the color scale
bar represents the direction of
the z-magnetization compo-
nent for the bottom row of (g).

that application of a positive magnetic field has little influ-
ence on the small circular textures, while a negative field
leads first to expansion and then reversal of the mag-
netic contrast. Back at remanence, the white contrast is
recovered, indicating a preferential orientation of the mag-
netization (although we cannot exclude the presence of a
spurious small magnetic biasing field at the sample posi-
tion). We also image the magnetic structure of the Ta/Co/Pt
samples grown on SiOx under an applied magnetic field,
where we find similar effects with an in-plane magnetic
field; however, the changes in the out-of-plane spins with
a perpendicular magnetic field are small (not shown).

The results of the micromagnetic simulations (showing
the in-plane and out-of-plane spin structures) for magnetic
fields applied out of plane are shown in Fig. 5(g), where
we start with the magnetic configuration shown in the cen-
ter (0 mT) for both directions of the applied field. We find
that while for positive magnetic fields the in-plane spin
structure remains largely insensitive to the magnetic field,
for negative fields the in-plane spin components exhibit
a stronger reduction in size before the magnetization sat-
urates along the field direction (in the simulations, we
find the switching fields to be of about +60 mT and −80
mT). In contrast, the out-of-plane spin component is lit-
tle affected by the magnetic field at low fields, flipping

toward the field direction only at large magnetic fields.
These results are in qualitative agreement with the exper-
iment, although changes in the spin state tend to occur at
much higher fields in the simulations (which do not take
into account the effect of thermal excitations).

Finally, we consider the effect of applying an elec-
tric field across the Si3N4 gate dielectric, motivated by
our previous observation of a modulation in the mag-
netic anisotropy of Si3N4-gated Pt/Co/Pt heterostructures
[51]. The measurement configuration is shown in Fig. 1(a).
The applied voltage is in the range of ±15 V (E = ±75
MV/m), with a current limit of 100 μA to avoid heating
effects. An XMCD image sequence for applied voltages
between +10 V and −10 V is shown in Figs. 6(a)–6(f)
for a Ta/Co(6 Å)/Pt sample. The initial state of the sam-
ple before applying electric fields shows a near-uniform
magnetization state decorated by gray-contrast domains
that are identified as out-of-plane regions. Starting from
such a near-uniform in-plane magnetized state at 0 V, we
observe the nucleation of a large reverse in-plane magnetic
domain with a reverse orientation at +10 V. The nucleation
of the reverse in-plane domain occurs only when posi-
tive voltages are applied, by which we deplete electrons
at the Ta/Si3N4 interface. The domain wall moves by slow
creep, such that sudden jumps of the domain-wall position
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FIG. 6. (a)–(f) The effect of the electric field on the magnetic
domain configuration for the Si3N4/Ta/Co(6 Å)/Pt sample. The
area marked by a white square indicates an area with an out-of-
plane magnetized region that remains unaffected by the reversal
of the surrounding in-plane magnetization. The direction of the
magnetic contrast is indicated by the arrow, with the XMCD
amplitude range set to ±0.07. (g) The XMCD line profile of
the out-of-plane component across the dashed line shown in the
insets, corresponding to the structure indicated by a white box in
(a) and (b).

occur during the measurement time of 16 s, e.g., the gray
area at the center of the image in Fig. 6(b) (this process
can be followed in the individual snapshots of 8 s each).
The reverse domain recedes (black to white contrast) upon
removal of the applied voltage in a similar slow creep
movement and the system returns to its initial configura-
tion. Figure 6(c) shows the state of the system immediately
after the removal of the applied +10 V, where again one
captures the movement of the center domain. The domain-
wall creep suggests the presence of pinning centers for
domain-wall displacement, likely caused by local varia-
tions in surface morphology and anisotropy. With a neg-
ative applied voltage, the domain configuration remains
largely unchanged, which we attribute to an increase in the
magnetic anisotropy favoring a single domain state, as also
suggested by a decrease in the frequency of thermal fluctu-
ations in the XMCD image sequence at negative voltages
[51]. During the nucleation of the reverse in-plane domains
with the applied voltage, we find that the out-of-plane spins
in the regions where nucleation occurred remain largely
unchanged; this is shown by the area marked in white
in Figs. 6(a)–6(f) and in the corresponding XMCD line

profile across the out-of-plane structure for 0 and +10
V, plotted in Fig. 6(g), showing the center region with
constant XMCD contrast surrounded by regions with a
much larger XMCD value, corresponding to opposite ori-
entations of the in-plane magnetization. In addition, the
value of the XMCD contrast in the center area, of about
0.01, agrees with the expected out-of-plane projection of
the moment along the light polarization of approximately
0.05 sin(16◦). These results are in agreement with those
where the magnetization is reversed by an applied in-plane
magnetic field, where the out-of-plane spin structures are
also found to be largely insensitive to the surrounding
in-plane magnetization.

In the literature, several examples of systems exhibiting
the coexistence of in-plane and out-of-plane domains have
been reported, achieved by engineering the anisotropy of
the system through surface roughness [61,68], local crys-
tallinity [69,70], ion irradiation [71], or in a multilayer
stack of in-plane and out-of-plane layers, where the out-of-
plane layer can induce an anisotropy in the in-plane layer
through the exchange-bias effect [72,73] or by dipolar cou-
pling [10]. The coexistence of in-plane and out-of-plane
components (tilted magnetization) has also been observed
in a single film at the spin-reorientation transition due to
competing in- and out-of-plane anisotropies [74–77] while
in the case of Ta/Co/Pt heterostructures with perpendicu-
lar magnetic anisotropy, a net DMI leads to the formation
of skyrmions with chiral Néel domain walls [11,52]. In
our case, the presence of out-of-plane domains in an oth-
erwise dominant in-plane anisotropy system is attributed
to a strong net DMI that, in combination with a strong out-
of-plane anisotropy, favors the creation of nonuniform spin
structures akin to meron spin textures. Here, we emphasize
the observation of meronlike structures at room temper-
ature and without an applied magnetic field in Ta/Co/Pt
multilayers, which are known to exhibit skyrmionic states.
Our results indicate that by tuning the interfacial properties
(such as by modifying the thickness of the metal layers
exhibiting the DMI) and the surface roughness, one can
induce the formation and stabilization of new topological
spin textures.

IV. CONCLUSIONS

In summary, we observe, using XPEEM, the presence
of out-of-plane spin structures in predominantly in-plane
magnetized Ta/Co/Pt trilayer structures at a critical thick-
ness of about 6.5 Å, at room temperature, and at zero
external magnetic field. From micromagnetic simulations,
we attribute the formation of such out-of-plane spin struc-
tures, which resemble Néel-type skyrmions without a 180◦
domain wall and with a topological number of ±1/2,
to the DMI. Such spin textures are akin to merons and
are characterized by a perpendicular magnetization in
an otherwise uniform in-plane magnetization background.
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Surface roughness is found to help stabilize larger struc-
tures. From magnetic field and electric field experiments,
we find that the meronlike out-of-plane spin structures are
largely insensitive to the direction of the surrounding in-
plane spin direction. Our results suggest the possibility of
engineering topologically protected structures in magnetic
trilayer films through a suitable control of the interface
and morphology, including film roughness, for possible
applications in electric-field-controlled memory devices.
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