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ABSTRACT

Magnetic multilayers presenting perpendicular magnetic anisotropy (PMA) have great potential for technological applications. On the path to
develop further magnetic devices, one can adjust the physical properties of multilayered thin films by modifying their interfaces, thus
determining the magnetic domain type, chirality, and size. Here, we demonstrate the tailoring of the domain pattern by tuning the
perpendicular anisotropy, the saturation magnetization, and the interfacial Dzyaloshinskii-Moriya interaction (iDMI) in Pd/Co/Pd multilayers
with the insertion of an ultrathin tungsten layer at the top interface. The average domain size decreases around 60% when a 0.2 nm thick
W layer is added to the Co/Pd interface. Magnetic force microscopy images and micromagnetic simulations were contrasted to elucidate the
mechanisms that determine the domain textures and sizes. Our results indicate that both iDMI and PMA can be tuned by carefully changing
the interfaces of originally symmetric multilayers, leading to magnetic domain patterns promising for high density magnetic memories.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123469

The precise control of the nucleation processes of magnetic
domain patterns is essential to achieve adequate functionality and per-
formance for modern technologies. Much progress has been achieved
recently as the stabilization of chiral structures such as skyrmions has
been demonstrated either in nanostructures or in multilayer thin films
presenting perpendicular magnetic anisotropy (PMA), even at room
temperature and zero magnetic field.1–4 Mainly being observed in sys-
tems with ferromagnetic/heavy metal (FM/HM) interfaces, which can
easily be integrated in current technologies, these achievements have
opened an avenue toward the use of PMA multilayers in future spin-
tronics devices.5 Indeed, PMA multilayers are a very fertile ground for
studying magnetic interactions, since several physical properties of
the FM/HM interface can be tuned in order to tailor the magnetic
domain pattern. However, the role of these magnetic interactions in
determining the domain’s properties must be well understood before
further magnetic device development.6–8

Magnetic anisotropy (K), saturation magnetization (Ms), and
exchange stiffness (Aex) determine the magnetic domain wall type (N�eel
or Bloch), chirality, and size. Their role in the magnetic configuration

establishment in PMA multilayers has been studied for years.9–14 More
recently, the observation that magnetic skyrmions may be stabilized by
Dzyaloshinskii-Moriya interaction (DMI), arising from broken inver-
sion symmetry15 and spin orbit coupling (SOC) in the case of FM/HM
interfaces,16 has given the DMI a major role in the study of domain wall
patterns.17,18

In this sense, several combinations of FM and HM have been
tried to fabricate asymmetric PMA multilayers (HMA/FM/HMB)
searching for specific conditions to host chiral skyrmions preferably
stabilized at room temperature and small magnetic fields.12,16,19–21 On
the other hand, small asymmetries introduced to originally symmetric
multilayers have also been demonstrated to be a good strategy to tune
the DMI in PMAmultilayers.22–24

Here, we tune the magnetic properties of originally symmetric
Pd/Co/Pd multilayers by inserting an ultrathin W layer in the system
top interface (Pd/Co/W/Pd). The PMA presents a minimum when an
ultrathin W layer is inserted. Using magnetic force microscopy
(MFM) images acquired at the as-grown state, alongside with micro-
magnetic simulations, we show that the respective interfacial DMI
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(iDMI) is around three times higher than that observed for thicker W
layers or the reference symmetric Pd/Co/Pd. This strategy allows us to
obtain a 60% decrease in the average domain size at room tempera-
ture, demonstrating an important route to tune magnetic multilayers
for high density magnetic memory devices.

To study the magnetic domain pattern evolution with a varying
asymmetry at the Co/Pd top interface, we grew multilayers based on a
Pd(1 nm)/Co(0.5 nm)/W(t)/Pd(1 nm) structure, with a nominal thick-
ness t¼ 0, 0.1, 0.2, 0.3, or 1.0nm. The multilayers were deposited on
silicon substrates by magnetron sputtering from metallic targets, at
room temperature and 3 mTorr of argon atmosphere, and repeated 15
times [Fig. 1(a)].

Saturation magnetization and anisotropy field (Hk) were
extracted from magnetic hysteresis curves measured in a LakeShore
vibrating sample magnetometer (VSM), yielding the perpendicular
anisotropy constant value, Keff¼Ms Hk/2.

10 Magnetic domain pattern
images of the as-grown multilayers were acquired by magnetic force
microscopy (MFM) with a NanoSurf Flex scanning probe microscope
operating in the dynamic force mode. We used Multi75-G MFM
(75 kHz) tips from Budget Sensors, which are coated by a cobalt alloy
presenting magnetic moment and coercivity of roughly 10–16 Am2 and
0.03 T, respectively. The images were acquired at room temperature
and zero magnetic field, with the tip-surface distance about 60 nm.
The magnetic domain homogeneity was confirmed through the

observation of 5 images over distances of 1mm between them. In
addition, the experimental MFM images were compared with those
obtained by micromagnetic simulations.

For the modeling, we used the Mumax3 GPU-accelerated pro-
gram to solve the time-dependent Landau-Lifshitz-Gilbert (LLG)
equation to obtain the relaxation of the magnetization distribution.25

The micromagnetic simulations were performed on an area of
5� 5lm2 discretized in cells of 3� 3� 7.5 nm3 and using an effective
medium approach to model the multilayer film as a single uniform
layer.26 TheMs andKeff values extracted from the VSMmeasurements
served as input, while we varied the iDMI contribution to understand
its influence on the domain pattern formation without the applied
magnetic field. Starting with a random initial magnetization, the equi-
librium condition was obtained by minimizing the LLG energy terms
with a relaxation time of 100 ns. The magnetic ground state represents
the domain stability for each set of magnetic parameters. The energy
of the effective iDMI was evaluated by comparing the simulated
ground states with the corresponding MFM images using a methodol-
ogy similar to what has been reported in the recent literature.4,16,19,27,28

Both out-of-plane and in-plane magnetic hysteresis loops
indicate that all the multilayers present perpendicular magnetic
anisotropy [Figs. 1(b) and 1(c)]. The extracted experimental values
Ms� 545 kAm–1 and Keff � 0.2MJm–3, observed for the reference
sample, are in accordance with the values found in the literature for
Pd/Co/Pd multilayers.29 While the reference sample exhibits out-of-
plane remanence very close toMs, the remanence decreases for a very
thin (0.1–0.2 nm thick) W layer and increases again, recovering a loop
with nearly full remanence for the sample with a 1 nmW layer.

The W layer insertion leads to a saturation magnetization
decrease, estimated by considering the entire Co volume [Fig. 1(d)].
The decline of the total magnetic moment may arise mainly from two
coexisting mechanisms: (1) the formation of a magnetic dead layer
due to alloying or interdiffusion at the interface30 and (2) the reduction
of magnetic proximity effect contribution to magnetization since, con-
trary to Pd, the spin and orbital magnetic moments of W may couple
antiparallel to 3d metals.31 Besides, both Hk and Keff exhibit a mini-
mum value for t¼ 0.2 nm [Fig. 1(e)] even though Ms decreases for
thicker W layers. This PMA reduction with ultrathinW layer insertion
can arise from an irregular Co/W-Pd interface, since such a thin
layer should not percolate and can generate roughness instead. A
rough Co/Pd interface is known to lessen the interface anisotropy
and, consequently, the PMA.32 At the same time, such a discontinuous
W-Pd layer may lead to competing interfacial effects as Co/W and Co/
Pd interfaces should behave differently. This scenario can also contrib-
ute to lower the PMA since the CoPd alloying, which is known to
contribute to the strong anisotropy in Co/Pd multilayers,33 is restricted
by the coexistence of W along the interface.

Without the W layer, the MFM image shows a pattern of stripes
and skyrmion-like circular domains that are normally observed in Co/
Pd multilayers with thin Co thicknesses [Fig. 2(a)].34,35 However, small
labyrinth domains arise and the domain density increases significantly
for t¼ 0.2 nm, reaching a magnetic domain periodicity (k) of about
280 nm [Figs. 2(b) and 1(c)]. Hereafter, we define k as the distance
between two adjacent peaks in the magnetization profile and domain
size as the full width at half maximum of a peak. While this system
presents the lowest Keff value along with anMs average value, increas-
ing to the 0.3 nmW layer yields a slightly larger Keff combined to aMs

FIG. 1. Multilayer structure and magnetic properties. (a) Structure schematic. (b)
and (c) Hysteresis loops recorded with the magnetic field applied along the out-of-
plane and in-plane directions, respectively. (d) Saturation magnetization; (e) black
squares: anisotropy field and open blue circles: anisotropy constant as a function of
the W layer thickness.
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decrease of around 25%, resulting in both the domain size and period-
icity enlargement [Fig. 2(d)]. The domain size continues to increase
for t¼ 1nm, as the saturation magnetization continues decreasing
[Figs. 2(e) and 2(f)]. In this case, the domain shape is similar to the
reference sample, with a large periodicity of 670nm and a domain
density of�60% lower than with the 0.2 nmW layer.

In order to verify the role of the magnetic parameter in the mag-
netic domain pattern formation, we carried out micromagnetic simu-
lations using the Mumax3 code. In a first attempt, we only used the
experimental values extracted from the magnetization curves for Keff

and Ms, a fixed exchange stiffness A¼ 12� 10–12 Jm–1, and damping
a ¼ 0.3. These preliminary simulated domain patterns exhibited dis-
tinct ground states compared to the ones observed in the measured
MFM images, mainly for the samples with the ultrathin (0.1 and
0.2nm) W layer. To reproduce the main features of the experimental
images, a non-null interfacial Dzyaloshinskii-Moriya interaction—
within 0.3 and 1.3 mJm–2—had to be added to the simulated system.

Very good agreement with the experimental images is achieved
with the additive iDMI, even for the nominally symmetric Pd/Co/Pd

sample (Fig. 3). Although it should have a null iDMI in the ideal
case, where the bottom and top interfaces contribute with the same
amplitude but opposite sign, as represented in Fig. 4(a), the different
qualities between the Pd/Co and Co/Pd interfaces may lead to small
values of iDMI.4,36,37 On the other hand, the combination of a bottom
Pd/Co with a top Co/W interface is expected to yield a resulting nega-
tive iDMI [Fig. 4(b)]. This situation is similar to the iDMI reported for
the Ru/Co/W system,24 since both Co/Pd and Co/Ru interfaces pre-
sent the same signal and similar amplitudes of iDMI.38 Indeed, in the
case of Ru/Co/W/Ru with varying W thicknesses, an iDMI peak has
also been reported when the W thickness is about 0.2 nm.24 In Ref. 24,
the authors studied quasisymmetric multilayers with non-null iDMI
focused on the isolated skyrmion nucleation and its behavior in the
presence of an out-of-plane magnetic field. Here, we show that
the interface engineering strategy of adding a “dusting” interlayer at
the FM/HM interface can also be used to tune the magnetic domain
size of worm-like patterns at zero magnetic field.

According to our micromagnetic simulations, the small iDMI
observed for the symmetric sample rises about 3 times with the

FIG. 2. Experimental magnetic force microscopy images acquired with zero mag-
netic field. (a), (b), (d), and (e) Pd/Co/Pd reference sample and multilayers with 0.2,
0.3, and 1.0 nm of W at the Co/Pd interface, respectively. (c) and (f) MFM profile
measured along the straight lines highlighted on the MFM images in (b) and (e),
respectively, where the periodicity k is defined as the distance between two
adjacent peaks. The scale bar in the images is 1 lm, and the color scale ranges
from blue (amplitude �1, magnetization downward) to red (amplitude þ1, magneti-
zation upward).

FIG. 3. Zero magnetic field micromagnetic simulated domain patterns with Ms and
Keff taken from VSM and non-null iDMI. (a), (b), (d), and (e) Pd/Co/Pd reference
sample and multilayers with 0.2, 0.3, and 1.0 nm of W at the Co/Pd interface,
respectively. (c) and (f) MFM profile measured along the straight lines highlighted
on the MFM images in (b) and (e), respectively. The scale bar in the images is
1lm, and the color scale ranges from blue (amplitude �1, magnetization down-
ward) to red (amplitude þ1, magnetization upward).
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insertion of an ultrathin layer of W (0.1–0.2 nm) at the top interface,
as it is shown in Fig. 4(c). It is very interesting that a further minor
increase in the W layer thickness (0.3 nm) leads to an iDMI almost as
small as for the reference sample value. Note that this iDMI peak
occurs for the sameW thickness as the observed anisotropy minimum
[see Fig. 1(e)]. The iDMI decline for thicker W layers is suggested to
be due to the magnetic dead layer present when the W forms a contin-
uous layer, which leads to the ferromagnetic layer degradation.24,30

The thicker dead layer diminishes the orbital hybridization and conse-
quently the SOC and magnetic exchange in both interfaces, which are
important ingredients required for a strong iDMI.39 Notwithstanding,
the formation of very distinct domain patterns in the 0.1–0.2 nm range
of W occurs due to atypically low Keff values and an additive iDMI.
Indeed, the geometric properties such as domain size and periodicity
also present discrepant values in this range [Figs. 4(d) and 4(g)].
Similar to the results reported in Ref.30, here it is also likely that the
small ratios between PMA and iDMI lead to smaller domain sizes as a
result of the reduced energy of domain walls.40

In conclusion, we investigated the influence of a W layer, inserted
at the top interface of a nominally symmetric Pd/Co/Pd multilayer, on
the physical properties of the ferromagnetic Co layer as a function of

its thickness. From hysteresis loops, we extracted the saturation mag-
netization Ms, anisotropy field Hk, and hence the perpendicular
magnetic anisotropy Keff . BothMs and Keff decay for thicker W layers.
Most notably, a minimum of the anisotropy is observed with the inser-
tion of an ultrathin 0.2 nm thickW layer.

MFM images were acquired to obtain the magnetic domain pat-
terns at zero field and room temperature. Labyrinth domains were
imaged, revealing a strong dependence of the size and periodicity on
the W thickness. In particular, a domain size decrease of around 60%
was obtained at 0.2nm W, which coincides with the minimum per-
pendicular anisotropy, indicating that the physical properties of the
multilayers play a direct role in the features of the magnetic domains.

To understand the magnetic domain formation, micromagnetic
simulations were carried out and the results were compared with the
experimental findings. By adjusting the physical parameters obtained
for each W thickness in the modeling, the experimental observations
were reproduced by taking into account the interfacial Dzyaloshinskii-
Moriya interaction. The iDMI reaches a peak at 0.2 nm W and is
remarkably reduced for thicker W layers. Very importantly, the small
ratio between PMA and iDMI within the W thickness range
0.1–0.2 nm leads to very small domain sizes, which can be interesting
for applications such as high density hard disk drives. The strategy of
tuning magnetic domains by changing the interfaces of originally
symmetric multilayers is promising on the path to develop devices
based on skyrmions and chiral domain walls.
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Aperfeiçoamento de Pessoal de N�ıvel Superior-Brasil (CAPES)-Finance
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