
Journal of Physics D: Applied Physics

PAPER

Correlation between interface perpendicular
magnetic anisotropy and interfacial
Dzyaloshinskii–Moriya interactions in
Pt/Pd(tPd)/Co(tCo)/Au

To cite this article: D Ourdani et al 2022 J. Phys. D: Appl. Phys. 55 485004

 

View the article online for updates and enhancements.

You may also like
Effects of the interfacial
Dzyaloshinskii–Moriya interaction on
magnetic dynamics
Maokang Shen, Xiangyu Li, Yue Zhang et
al.

-

Enhanced interfacial
Dzyaloshinskii—Moriya interactions in
annealed Pt/Co/MgO structures
Anni Cao, Runze Chen, Xinran Wang et
al.

-

The sign of the interfacial
Dzyaloshinskii–Moriya interaction in
ultrathin amorphous and polycrystalline
magnetic films
Jaehun Cho, Nam-Hui Kim, Seung Ku
Kang et al.

-

This content was downloaded from IP address 193.226.5.189 on 13/11/2022 at 14:24

https://doi.org/10.1088/1361-6463/ac9487
/article/10.1088/1361-6463/ac4366
/article/10.1088/1361-6463/ac4366
/article/10.1088/1361-6463/ac4366
/article/10.1088/1361-6528/ab62cd
/article/10.1088/1361-6528/ab62cd
/article/10.1088/1361-6528/ab62cd
/article/10.1088/1361-6463/aa89d4
/article/10.1088/1361-6463/aa89d4
/article/10.1088/1361-6463/aa89d4
/article/10.1088/1361-6463/aa89d4
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvAkWImREHx7Q3tdUm5rc0j_Pu-xhJ7noKw-N4F1ZoIA4lZBgMeAQynyI5sRnHWZJwjI8G5CKuUBsCrd0CeJusbVu4PdXe17QGzpgEFPF_tCZ6uWxkAzINLv8YCvAL1-N3pIs2kzJkCgqidCg4i9lxK6dZE5wlHzCapYvYhU_57h1_tUBtk7UUoxfx4OHl9YyARDq3lOAmwEupcFIVzLyffhOL9IoB8Jj_826JzcVUnm_3LiJzEUll1-fl8RUcm_8nA3p0tRo7EEhALfxi558iBrRfMI7HwXGT-y-wgEDfgBQ&sai=AMfl-YRhN7ja6ITD80_gBoUPKDSyJfTejxkagKdSJKpnwrTqwlSrXMhT2v8D2LGJh9BZzfjya7CGmC0Z24jhiFmnEA&sig=Cg0ArKJSzEwzwyMIwPXi&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/243/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3D243Abstract


Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 55 (2022) 485004 (8pp) https://doi.org/10.1088/1361-6463/ac9487

Correlation between interface
perpendicular magnetic anisotropy
and interfacial Dzyaloshinskii–Moriya
interactions in Pt/Pd(tPd)/Co(tCo)/Au

D Ourdani1, Y Roussigné1, S M Chérif1, M S Gabor2,∗ and M Belmeguenai1,∗

1 Université Sorbonne Paris Nord, LSPM, CNRS, UPR 3407, F-93430 Villetaneuse, France
2 Center for Superconductivity, Spintronics and Surface Science, Physics and Chemistry Department,
Technical University of Cluj-Napoca, Str. Memorandumului No. 28, RO-400114 Cluj-Napoca, Romania

E-mail: mihai.gabor@phys.utcluj.ro and belmeguenai.mohamed@univ-paris13.fr

Received 21 June 2022, revised 14 September 2022
Accepted for publication 23 September 2022
Published 14 October 2022

Abstract
The interfacial Dzyaloshinskii–Moriya interaction (iDMI) and perpendicular magnetic
anisotropy (PMA) can be manipulated via interface engineering. Their strength determines the
generation and the size of skyrmions, and the correlation between the iDMI and PMA allows
them to be controlled simultaneously, thus choosing the material parameters for which
skyrmions can be formed. This opens up the possibility of synthesizing suitable magnetic
multilayers that are needed for low-power high-density memory and in logic applications.
Vibrating sample magnetometry (VSM), Brillouin light scattering (BLS), and microstrip
ferromagnetic resonance (MS-FMR) were used to investigate the correlation between the iDMI
and the interface PMA. For this, Pt/Pd(tPd)Co(tCo)/Au thin film structures with 0 ⩽ tPd ⩽ 1.2 nm
and 1.2 nm ⩽ tCo ⩽ 3 nm were grown by combined sputtering and e-beam evaporation on
Si/SiO2 substrates. VSM measurements revealed a negligible magnetic dead layer and a Pd
thickness-independent magnetization at saturation of around 1200 emu cm−3. MS-FMR and
BLS allowed us to conclue that PMA results from weak volume and interfacial contributions
induced by Pd/Co or Pt/Co and Co/Au interfaces. The interface anisotropy constants are found
to be 0.65 mJ m−2 and 0.85 mJ m−2 for Pd/Co and for Pt/Co interfaces, respectively. The Pd
thickness-dependence of surface iDMI (Ds) and PMA (Ks) constants follow an exponential
decay with a characteristic thickness higher for PMA than the iDMI. The slower decrease of Ks

vs Pd thickness suggests a shorter range of the iDMI with respect to PMA and points out a
strongly localized origin for the iDMI. This difference between the iDMI and PMA is most
likely responsible for the nonlinear correlation between PMA and iDMI constants. The
investigation of the Co thickness-dependence of the iDMI and PMA in Pd/Co/MgO/Ta systems
allows us to conclude a zero iDMI constant of Co/Au and to determine the iDMI constants of
Pd/Co and Co/MgO, estimated to be Ds

Pd/Co = −0.096 pJ m−1 and Ds
Co/MgO = −0.15 pJ m−1,

respectively. The criterion of skyrmions stability, applied for our samples, revealed the
possibility of the existence of stable skyrmions in some samples.
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1. Introduction

The ever-growing need for higher data-processing speeds and
larger data-storage capacities has pushed us to seek to cre-
ate more energy-efficient and faster electronics. In these cir-
cumstances, spintronics devices, expected to be faster, denser,
and with reduced power consumption, are a promising altern-
ative to complementary metal oxide semiconductor (CMOS)
devices [1]. Themain technological sector where spintronics is
expected to make a big impact, especially after the demonstra-
tion of current-induced spin–orbit torques [1, 2], is memory
domain [3]. In this domain, topological spin structures such as
chiral domain walls and, more specifically, skyrmions [4, 5]
are promising information carriers in devices with low power
consumption and/or high processing speeds or as q-bits for
quantum-information applications [6]. Indeed, skyrmions are
expected to be used in the so-called racetrack memory [7].
Their main advantage over domain walls is their potentially
very small, nanometer-scale sizes, which could provide denser
memory bits integration and a drastically enhanced velocity
under small electrical currents.

The crucial ingredients needed for stabilizing these
exotic spin chiral textures (skyrmions) is the interfacial
Dzyaloshinskii–Moriya interaction (iDMI) and other inter-
actions such as symmetric exchange and effective anisotropy,
i.e. the difference between magnetocrystalline and shape
anisotropies. The iDMI is a spin–orbit coupling (SOC)-related
antisymmetric exchange interaction between neighboring
spins, and materials with perpendicular magnetic anisotropy
(PMA) are very well suited for these spintronic applications.
Indeed, it has been confirmed experimentally that PMAmater-
ials increase the thermal stability of devices and can drastic-
ally decrease the critical current density of current-induced
domain wall motion in magnetic metal nanowires [8, 9]. The
strength of the iDMI and PMA, which can be manipulated via
interface engineering, determines the generation and the size
of skyrmions [10]. Therefore, investigation of the correlation
between the iDMI and the PMA plays a key role in the most
important spintronic applications, particularly those related
to memory and storage. It allows the choosing of the iDMI
and the PMA constant values and finding out the material
parameters for which skyrmions can be formed.

The correlation between the iDMI and interface PMA could
be investigated by identifying the variation of the surface
PMA constant (Ks) versus that of the iDMI (Ds). This can
be achieved by changing the ferromagnetic thickness (tFM)
in typical stacks of heavy metal (HM)/feromagnetic layer
(FM)/normalmaterial (NM) incorporating various HMs and
capped by a given NM. However, since only a few HMs such
as Pt, Ta, Ir, and W induce iDMI, which is moreover markedly
weak and with contradictory reported values of Ds for nomin-
ally the same system (especially those based on Ta, Ir, andW),
other methods should be used. The other method for this cor-
relation investigation is to vary the thickness of the HM layer
[11]. Systems based on the insertion of an ultrathin metallic or
nonmetallic interlayer (dusting layer) of variable thickness, at
the interface the between FM layer and Pt as the HM [12], have
also been used for such investigation. Here, Pt is used as the

HM since it is known to be the HM with the strongest iDMI.
The authors have observed a linear dependence between iDMI
and PMA constants and have concluded they are strongly cor-
related as interface effects that have a SOC-related physical
origin [11, 12]. Other authors such as Zhu et al [13] have used
composition variation in Au1−xPtx/Co [10] or Pd1−xPtx [14]
interfaces to significantly tune the iDMI and PMA. Linear [14]
or nonlinear [13] dependencies between the effective iDMI
and the effective PMA (a sum of the bottom and top interfacial
contributions) have been observed. Moreover, Kim et al [15]
investigated the correlation between the iDMI and the inter-
facial PMA in Pt/Co/MgO stacks with varying the annealing
temperatures and observed a nonlinear correlation by consid-
ering the individual contribution of the interfacial magnetic
energies at each interface.

In the abovementioned investigations, the thickness of the
FM layer is usually fixed, and, therefore, the correlation is
investigated by considering PMA and iDMI effective con-
stants, which are FM layer thickness-dependent. Analysis of
the correlation between the interfacial PMA and the iDMI
should involve the variation of the thickness of the FM layer.
Thus, here we consider samples with a Pt/Pd(tPd)/Co(tCo)/Au
structure with variable Pd and Co thicknesses (tPd and tCo,
respectively). The Pd layer was inserted at the interface
between the Pt and Co layers to vary the interfacial SOC
perceived by the Co layer. Brillouin light scattering (BLS)
coupled to vibrating sample magnetometry (VSM) and FMR
experimental techniques are used to precisely characterize
the interfacial PMA and the iDMI, and their correlations are
studied.

2. Samples and experimental techniques

One of the most important difficulties in preparing samples
with variable thicknesses is to ensure that all deposition
parameters remain precisely the same during growth. Thus,
to reduce the variability of the deposition parameters, the
Pt/Pd(tPd)/Co(tCo)/Au samples were grown in the same run by
employing a double wedge procedure. For this, by using mag-
netron sputtering, a Ta(2.5)/Pt(1) by-layer was deposited on
a Si/SiO2 substrate (the number in parenthesis represents the
thickness of the layer in nm). After deposition, the sample was
immediately transferred in an ultra-high vacuum e-beam evap-
oration system and annealed at 125 ◦C for 1 h in a vacuum
higher than 2 × 10−10 Torr to remove any water than might
have condensed on the sample surface during transfer. After
cooling the sample down to 50 ◦C, a Pt(4) layer was depos-
ited at a rate of 0.01 nm s−1. Next, a Pd wedge was grown
on the Pt layer using a mobile shutter placed in front of the
sample holder. The speed and position of the shutter were con-
trolled to create two regions on the sample: one in which no
Pd was deposited and one in which a Pd wedge between 0
and 1.2 nm was grown. Next, the sample holder was rotated
in-plane by 90◦, and by employing the mobile shutter, a Co
wedge between 1.0 and 3.2 nm was grown on top of the Pt/Pd.
Finally, the samples were capped with an Au(3) layer. Before
performing the measurements, the sample was diced to obtain
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5 × 5 samples each with a lateral size of 4 mm. For each
sample, the thickness tCo or tPd of the Co or Pd is the aver-
age thickness calculated over the sample surface, except for
the samples with tPd = 0 for which no Pd was deposited.

For each sample with a given Pd thickness, the hysteresis
loops were measured under an in-plane applied magnetic field
using VSM. The saturation magnetic moment per unit area
(Ms × tCo) was then calculated versus the Co layer thicknesses.
The linear fit of these data gives straightforwardly the mag-
netization at saturation Ms and the thickness of the magnetic
dead layer (td) from the slope and the horizontal axis inter-
cept. Microstrip line ferromagnetic resonance (MS-FMR) [16]
was used to measure the in-plane field-dependence of the uni-
form precession mode frequency and then deduce the effective
magnetization (4πMeff) of samples with the thicker Co layer
(tCo > 1.6 nm). BLS [17], under an in-plane applied magnetic
field, was used in Damon-Eshbach configuration to investig-
ate the iDMI and PMA. For this, the recorded spectra are fitted
with a Lorentzian function to obtain Stokes (S) and anti-Stokes
(aS) line frequencies. For PMA, the field dependence of the
mean frequency (F= (FS +FaS)/2), at a fixed spinwave vector
of 8.08 µm−1 (incident angle of 20◦), was used, respectively.
The variation of the frequency mismatch between Stokes and
anti-Stokes lines (∆F = FS − FaS) allowed the iDMI strength
to be characterized. All the measurements presented below
were carried out at room temperature.

3. Results and discussion

Figure 1(a) shows the thickness-dependence of the areal mag-
netic moment at saturation (Ms × tCo) for three sets of
Pt/Pd(tPd)/Co/Au samples with different tPd. The magnetiz-
ation at saturation and the magnetic dead layer thickness

obtained from the linear fits of data from figure 1(a) are shown
in figure 1(b). Although a slight increase of Ms with the
increasing tPd might be argued from figure 1(a), the change
of Ms over the whole Pd thickness range remains within the
error bars. Thus, an averageMs value around 1200 emu cm−3

is used for all samples. This value is in good agreement
with the reported one for Pt/Co/Cu [18] but it is lower than
those reported for bulk Co: 1422 emu cm−3 for hcp Co and
1450 emu cm−3 for fcc Co [19]. This reduction in Ms could
be attributed to the fact that the thin Co layers accommod-
ate a substantial proportion of atoms at the interfaces [20].
It is worth noting that the negligible magnetic dead layer
for all the samples is compatible with Co–Au immiscibility
[20] and the zero-magnetic dead layer of the Pt/Co interface
reported by Bandiera et al [21]. Therefore, for simplicity, all
the measurements presented below are analyzed by consider-
ing Ms = 1200 emu cm−3 and a zero magnetic dead layer to
deduce the PMA and iDMI parameters.

The PMA can be determined from the measurement of
the field dependence of spin waves frequency through the
investigation of the FM thickness-dependence of the effect-
ive magnetization (4πMeff = 4πMs − 2Keff/Ms, where Keff

is the PMA effective constant). For this, the MS-FMR tech-
nique was systematically used for all samples except for those
where the MS-FMR signal was too weak, even undetectable,
where the use of the BLS proved to be inevitable. The use
of MS-FMR is thus preferable because of its faster acquisi-
tion time compared to BLS, which makes it possible to study
more samples. Figure 2(a) shows the typical field depend-
ences of the spin wave frequency for Pd-free samples with
various Co thicknesses, where the BLS measurements were
carried out at a fixed spin wave vector of ksw = 8.04 µm−1.
These measurements were then fitted using equation (1):

F=
γ

2π

√
[H+ Jk2sw +P(kswtCo)4πMs] [H+ Jk2sw −P(kswtCo)4πMs + 4πMeff]. (1)

where H is the in-plane applied field, J= 2Aex
Ms

with Aex is the
exchange stiffness constant of Co, γ/(2π)= 31± 0.5 GHz T−1

is the gyromagnetic ratio, and P(kswteff) is defined in [22].
Note that, for BLS, the experimental data are fitted consider-
ing ksw = 0 µm−1 in equation (1), since MS-FMR allows for
uniform precession mode investigation.

The obtained values of 4πMeff are shown in figure 2(b)
versus tCo. For all Pd thicknesses, Meff varies linearly versus
the inverse thickness of Co, suggesting the existence of
an interfacial contribution to PMA. Therefore, Keff can be
described by the phenomenological relationship Keff = Kv +
Ks
tCo
. This allows for the separation of the perpendicular uni-

axial surface (Ks) and volume anisotropy (Kv) constants from
the slope and the intercept with the vertical axis of the linear
fit of the thickness-dependence of 4πMeff, respectively. The
thickness-dependence of these constants will be detailed later
together with the thickness behavior of the iDMI constant.

BLS is a powerful method to measure the iDMI constant
from the investigation of the ksw-dependence of the frequency
mismatch ∆F. Usually, spin-wave investigation by BLS, a
crossed analyzer, is used to remove the surface phonon Stokes
and anti-Stokes lines and therefore, only magnons are present
in the BLS spectra. However, the frequency zero position can
be shifted if the sample and the reference beams (in Tan-
dem Fabry–Perot set-up) are slightly misaligned, inducing an
error in the determination of the iDMI constant, especially
for systems with a very weak iDMI. Therefore, the zero fre-
quency position should be checked for each sample and for
each measurement involving ksw variation: the positions of the
bulk phonon Stokes and anti-Stokes lines should be the same
if the zero frequency is well settled. If not, the set-up config-
uration should be changed in order to recover the same posi-
tions for these lines. The acoustic waves can thus be used, if
the crossed analyzer is removed, to check the zero frequency
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Figure 1. (a) Saturation magnetic moment per unit area versus Co
thickness (tCo) in a Pt/Pd/Co/Au system with various Pd thicknesses
(tPd). Symbols refer to the VSM measurements and solid lines are
linear fits. Variations of the (b) magnetization at saturation (Ms) and
(c) magnetic dead layer thickness, deduced from the linear fits of
data in (a), versus the Pd thickness. Symbols refer to the
experimental data and solid lines are used as guides for the eye.

setting and proceed to frequency correction for a precise meas-
urement of the iDMI constant. However, the magnetic field
should be carefully chosen so that the positions of magnons
and phonons are sufficiently far apart to avoid any coupling
that interferes with the precise determination of the frequen-
cies of the different lines. Another efficient procedure, consist-
ing of measuring the frequency shift at each ksw for both pos-
itive and negative applied fields, could be used to overcome
the incorrect adjustment of the zero frequency. However, this
method could be time-consuming, in particular when a large
number of samples are measured.

Due to the large number of investigated samples in this
paper, we limited the determination of the iDMI effective con-
stant (Deff) to frequency mismatch∆F measurements at max-
imal ksw = 20.45 µm−1 (corresponding to an angle of incid-
ence of 60◦) without a crossed analyzer. Figure 3(a) shows the

Figure 2. Variations of the uniform precession mode frequency
(measured by MS-FMR) and the mean frequency
(F = (FS + FaS)/2), determined from the fit of the recorded BLS
spectra at a fixed spin wave vector of 8.08 µm−1 (incident angle of
20◦), versus the in-plane applied magnetic field for the Pt/Co/Au
sample (tPd = 0 nm). Symbols refer to experimental data and solid
lines are fits using equation (1) with ksw = 0 or 8.08 µm−1 for
MS-FMR or BLS measurements, respectively. (b) Effective
magnetization (4πMeff) versus the inverse of the Co thickness for a
Pt/Pd/Co/Au system with various Pd thicknesses (tPd). 4πMeff
values have been extracted from the fit of similar measurements to
that in (a). Symbols refer to experimental data while solid lines are
linear fits.

typical BLS spectra for two Pd-free samples with two differ-
ent Co thicknesses where both phonon (at a lower frequency
and which are field-independent) and magnon (at higher fre-
quency) Stokes and anti-Stokes lines are observable. While
the frequency mismatch between magnon lines (∆Fmag) is
physical and results from the iDMI, the frequency difference
between Stokes and anti-Stokes phonon lines (∆Fph) traduces
the incorrect adjustment of the zero frequency and should be
used for frequency correction. It is worth mentioning that this
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Figure 3. (a) BLS spectra measured for two different Co
thicknesses of Pt/Co/Au samples (tPd = 0 nm) at different
in-plane applied magnetic field values and at a characteristic
ksw = 20.45 µm−1. Symbols refer to experimental data and solid
lines are Lorentzian fits. Fits corresponding to negative applied
fields (green lines) are presented for clarity and direct comparison of
Stokes and anti-Stokes frequencies. (b) Variation of the effective
iDMI constants (Deff) versus the Co thickness of the Pt/Pd/Co/Au
system with various Pd thicknesses. Solid lines refer to the linear fit
and symbols are experimental data.

nonzero frequency difference between phonon lines could lead
to an incorrect iDMI value and sign, especially in the case of
samples with a very weak iDMI. Therefore, the real value of
the frequency mismatch resulting from the iDMI is given by
∆F=∆Fmag −∆Fph. This procedure is used for each sample
and the effective iDMI constant (Deff) was determined using
equation (2):

∆F= Deff
2γ
πMs

ksw = Ds
2γ

πMstCo
ksw. (2)

whereDeff =Ds/tCo andDs is the iDMI surface constant, char-
acterizing the iDMI strength and ksw = 20.45 µm−1.

The variation ofDeff versus 1/tCo for Pt/Pd(tPd)/Co(tCo)/Au,
shown in figure 3(b), reveals a linear behavior allowing us to

determine Ds for each tPd. Figure 4(a) shows the Pt thickness-
dependence of the surface PMA (Ks) and the iDMI (Ds)
constants, where an exponential decrease (in absolute value)
can be distinguished. Notably, we observe a weak amp-
litude variation of Ks compared to Ds over the Pd thickness
range, suggesting a comparable contribution of the PMA
of Pt/Co and Pd/Co interfaces but almost zero contribution
to the total iDMI of the Pd/Co interface. Furthermore, a
Pd dusting layer of a single or two atomic planes screens
the Pt and efficiently suppresses its contribution to the total
iDMI.

For quantitative analysis of the experimental data of
figure 4(a), the tPd dependences of Ks and Ds have been
phenomenologically fitted with the exponential function of
equation (3). This allows us to quantitatively estimate the char-
acteristic saturation (decay) thickness (λ: characteristic length
associated with the full emergence of PMA and the iDMI), the
extent of the PMA or iDMI strength over the tPd, and Ks or Ds

values for the Pd/Co/Au system, characterized by A1 and A0,
respectively. Note that Ks and Ds of Pt/Co/Au are given by
A0 + A1.

y= A0 +A1e
− tPd

λ . (3)

The exponential fit leads to Ks = (1.24 ± 0.04) mJ m−2

and (1.44 ± 0.07) mJ m−2 for Pd/Co/Au and Pt/Co/Au,
respectively. These high values of Ks suggest that both inter-
faces with Co contribute to the PMA. Therefore, we assumed
Ks = 0.59 mJ m−2 for Co/Au [23] and we obtained the
values of Ks = 0.65 mJ m−2 for the Pd/Co interface and
Ks = 0.85 mJ m−2 for the Pt/Co interface. This Ks value
for the Pt/Co interface is in good agreement with the repor-
ted values in the literature, found to be in the range 0.6–
1.4 mJ m−2 [24]. Moreover, the volume anisotropy constant,
shown in the inset of figure 4(b), did not show a signific-
ant dependence with tPd (except for tPd = 0.75 nm). Its aver-
age value of 3.54 × 10−4 J m−3 is significantly lower than
the bulk magnetocrystalline anisotropy of the hexagonal Co
(Kv = 5.1 × 105 J m−3) [25] and agrees with the literature
values for fcc Co [26].

For the iDMI, the obtained values from fits are
Ds = (−0.096 ± 0.03) pJ m−1 and (−1.2 ± 0.08) pJ m−1

for Pd/Co/Au and Pt/Co/Au (which is in good agreement with
the reported value in the literature [27]). These values suggest
a negligible iDMI of the Pd/Co and Co/Au interfaces despite
the fact that both of them are HMs. This again raises questions
about the microscopic physical origin of the iDMI, although
the electronic mechanisms involved in its generation are to be
unveiled by theoretical works. Furthermore, the obtained val-
ues of λ (λ= 0.23 nm for Ds and λ= 0.58 nm for Ks) reveal a
slower decrease of Ks, suggesting a shorter range of the iDMI
with respect to PMA. This suggests that the iDMI is generated
within the two first atomic planes away from the interface, in
agreement with first-principles calculations, which point out
a strongly localized origin for the iDMI [28–30]. Therefore,
the short-range and the interfacial nature of the iDMI open up
the possibility to synthesize dense magnetic multilayers using
ultrathin layers, allowing for a strong iDMI (in particular in
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Figure 4. (a) Variations of the perpendicular interface anisotropy constant (Ks) and the iDMI surface constant (Ds) as a function of the Pd
dusting layer thickness for the Pt/Pd/Co/Au system with variable Co thicknesses. Symbols refer to experimental data and solid lines are fits
with an exponential decay function (equation (3)). (b) Effective magnetization (4πMeff) versus the inverse of the Co film thickness for the
Pt/Pd/Co/MgO system grown on Al2O3 substrates. Symbols refer to experimental data while solid lines are linear fits. The insets show the
corresponding saturation magnetic moment per unit area versus the Co thickness, allowing us to deduce Ms and the magnetic dead layer
thickness, and BLS spectra for 1.9 nm-thick Co measured at 6 kOe in-plane applied magnetic field and ksw = 20.45 µm−1. (c) Variations of
the perpendicular interface magnetic anisotropy constant (Ks) as a function of the surface iDMI constant (Ds) for the Pt/Pd(tPd)/Co(tCo)/Au
system with variable thicknesses. Symbols refer to experimental data and solid lines are linear and second degree polynomial fits. The linear
fit is obtained omitting data for Pt/Co/Au samples.

Pt/Co-based systems) even with ultrathin layers due to the
absence of distant spin–orbit effects on the iDMI [30].

In order to deepen the analysis, and to have an order of
magnitude of the iDMI for each interface as well as the PMA
constant of the Pd/Co interface, we grew several samples of
Pt(3)/Pd(12)/Co(tCo)/MgO(1.8)/Ta(2) on a Al2O3(0001) sub-
strate, where 1.3 nm ⩽ tCo ⩽ 2.4 nm (numbers in parentheses
give the nominal thicknesses in nanometers). In order to pro-
mote the epitaxial growth on the Al2O3(0001), the Pt(3) layer
was grown at a substrate temperature of 600 ◦C. The rest of the
layers were grown at a temperature of 50 ◦C. X-ray diffrac-
tion experiments (not shown here) indicated epitaxial growth.
The VSM measurements of the thickness-dependence of the
areal magnetic moment, shown in the inset of figure 4(b),
allowed us to deduce Ms = 1385 emu cm−3 and a magnetic
dead layer thickness of 0.24 nm. The enhancement of Ms,
which is clearly higher than that of samples deposited on Si,
proves their superior crystallographic quality. The magnetic
dead layer could be associated with a partial oxidation of
Co when MgO is deposited on the top. The linear fit of the
thickness-dependence of the effective magnetization, shown

in figure 4(b), allowed us to obtain Ks = 0.76 mJ m−2 for Pd/
Co/MgO and Kv = 2.7 × 105 J m−3. This is in line with the
obtained Ks value of the Pd/Co interface and confirms that Co
grown on Al2O3 is hexagonal. However, the slightly higher Ks

of Pd/Co/MgO compared to that of Pd/Co suggests an addi-
tional contribution from the Co/MgO interface.

We also investigated the iDMI constant of Pd/Co/MgO.
However, since the measurements are made in backscat-
tering geometry, and due to the transparent nature of the
substrate, this degrades the signal-to-noise ratio in partic-
ular for the highest values of ksw, as shown in the inset
of figure 4(b). Moreover, pronounced asymmetry between
the amplitudes of Stokes and anti-Stokes lines (see the
inset of figure 4(b)), related to the optical properties of Pd,
was observed. This constitutes an additional difficulty for
iDMI measurements and increases the accumulation time
for each spectrum. The iDMI measurements for such sys-
tem allows us to deduce Ds = −0.25 pJ m−1. This con-
firms again the weak iDMI of the Pd/Co interface and sug-
gests a contribution of the Co/MgO interface to the iDMI.
Indeed, the highest iDMI values are obtained for Pt/FM
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interfaces in combination with oxide top layers [27], sug-
gesting a negative iDMI sign for the FM/MgO interface.
Therefore, taking into account the vanishing iDMI of Fe/Au
[31], and thus assuming the zero-iDMI of Co/Au, we deduce
Ds

Pd/Co = −0.096 pJ m−1 and Ds
Co/MgO = −0.15 pJ m−1.

This latter value is in good agreement with the deduced
value of Fe/MgO (Ds

Fe/MgO = −0.15 pJ m−1) [31],
Co/MgO (Ds

Co/MgO = −0.22 pJ m−1) [32], and CoFeB/MgO
(Ds

CoFeB/MgO =−0.17 pJm−1) [32] frommeasurements repor-
ted in [31, 32]. To the best of our knowledge, this constitutes
the first reported measurements for sign and strength of the
iDMI in Pd/FM structures.

We will now focus on the correlation between PMA and
the iDMI, which can be investigated through the variation of
Ks versus Ds, as shown in figure 4(c). It reveals a nonlinear
dependence of Keff versusDeff, which can be explained by dif-
ferent characteristic ranges of the iDMI and interface PMA.
Indeed, if the iDMI and PMA are governed by the exponen-
tial law given by equation (3), linearity between Ks and Ds is
only possible if their λ values are the same. To satisfactorily
fit the experimental behavior of Ks versus Ds, a second-order
dependence is necessary. It is worth mentioning that a linear
fit of the data can be obtained by neglecting the value for Pt/
Co/Au but second-order polynomial fit is more convenient and
fits the experimental data better. This is due to the shorter range
of the iDMI with respect to the interface PMA. Moreover, in a
Pt/Pd/Co/Au system, the iDMI results mainly from the Pt/Co
interface modulated by the Pd dusting layer while the PMA is
induced by the Pt/Co or Pd/Co and Co/Au interfaces. There-
fore, due to the large spin diffusion length of Pd (8.6 nm) [33],
the PMA could continue to vary with the Pd dusting layer
thickness beyond the single or two atomic planes of Pd needed
to efficiently or completely suppress the contribution of Pt to
the total iDMI. This could be another reason to explain the
range difference between the iDMI and PMA.

We should mention that it is well accepted that
electronegativity [34], intermixing [28], proximity magnetism
[28], orbital anisotropy, roughness [35], and orbital
hybridization [28] affect the iDMI. Due to the similar elec-
tronegativity of Pd and Pt (2.2) [13], electronegativity vari-
ation with Pd thickness seems unlikely to occur. However,
linear correlation between the iDMI and PMA constants was
found in Pd1−xPtx/Co attributed to the linear variations of both
the Ks of the Pd1−xPtx/Co interface and the interfacial SOC
as a function of the Pd1−xPtx composition [14]. Furthermore,
using a compositionmodulation, no linear correlation between
the iDMI and PMA constants is obtained for Au1−xPtx/Co.
This allows us to conclude that the variation of the iDMI at
the Au1−xPtx/Co interface with x cannot be attributed to the
change of orbital anisotropy and other mechanisms, such as
the interfacial orbital hybridization, play a fundamental role
in the iDMI [13]. Therefore, the observed correlation in our
systems could result from interfacial SOC besides other con-
tributions such as interfacial orbital hybridization, roughness,
and proximity magnetism.

In recent years, skyrmions have attracted a lot of interest
as potential candidates for novel spintronics devices. As men-
tioned above, the iDMI can be used to stabilize that structure.

Figure 5. Variation of Deff versus Dc =
4
π

√
KAex for Pd-free and

0.15 nm Pd samples with various Co thicknesses, calculated using
the obtained experimental magnetic parameters of figures 2(b)
and 3(b) and Aex = 1.6 × 10−11 J m−1. Open symbols refer to the
expected data obtained from extrapolation of the Co thickness
dependences of Deff and 4πMeff of figures 2(b) and 3(b). The solid
blue line refers to Deff = Dc.

To check whether the reported iDMI values are sufficient to
stabilize such spin textures, we calculated the critical value
of Deff (Dc) above which skyrmions can be stabilized: Dc =
4
π

√
KAex [36], where K= |2πMeffMs| is the effective aniso-

tropy constant and Aex is the exchange stiffness constant. This
means that the iDMI energy should be higher than the domain
wall energy. In other words, the magnetization should not
have a fixed direction to allow the iDMI to rotate it continu-
ously with a given chirality. This implies that the perpen-
dicular effective anisotropy field is very small (ideally zero).
As a result, samples with a Co thickness giving an effect-
ive magnetization close to zero (see figure 2(b)) are more
favorable for hosting skyrmions. Using the obtained experi-
mental magnetic parameters and Aex = 1.6 × 10−11 J m−1,
the variation of Deff versus Dc is shown in figure 5 for Pd-
free and 0.15 nm Pd samples with various Co thicknesses.
Figure 5 reveals that only the 1.66 nm thick Co with Pd-
free or tPd = 0.15 nm samples (Pt/Co(1.66 nm)/Au and
Pt/Pd(0.15 nm)/Co(1.66 nm)/Au) could have stable skyrmi-
ons since the stability criterion is almost verified. Deff and
K are strongly magnetic film thickness-dependent and could
be carefully adjusted so that the stabilization criterion is veri-
fied. To achieve this, we used the experimental data of the Co
thickness-dependences of Meff and Deff shown in figures 2(b)
and 3(b), respectively, to tune the Co thickness. This leads, for
example, to Co thicknesses of 1.7 nm and 1.64 nm for Pd-free
or tPd = 0.15 nm samples, respectively (data with open sym-
bols in figure 5).

4. Conclusion

The correlation between the iDMI and PMA has been invest-
igated in a Pt/Pd(tPd)/Co(tCo)/Au system with variable Co and
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Pd thicknesses. VSM measurements, used to determine the
magnetization at saturation (Ms) and the magnetic dead layer
thickness (td), revealed almost constant Ms and negligible td.
The PMA results from a volume contribution comparable to
that of fcc Co besides an interface term that we quantified for
each interface. The Pd thickness-dependence of the surface
iDMI (Ds) and PMA (Ks) constants have been phenomenolo-
gically fitted to determine the characteristic decay thickness,
the extent of PMA, or the iDMI strength over the tPd and Ks or
Ds values for the Pd/Co/Au system. We concluded to slower
decrease of Ks, suggesting a shorter range of the iDMI with
respect to the PMA. This suggests that the iDMI is generated
within the first two atomic planes away from the interface, in
agreement with first-principles calculations, which point out
a strongly localized origin for the iDMI. This short-range of
the iDMI opens up the synthesis of dense magnetic multilay-
ers with a strong interfacial iDMI, especially if a Pt/Co inter-
face is used. By investigation of the PMA and iDMI in Pt/P-
d/Co(tCo)/MgO samples grown on Al2O3, we obtained Ks of
Pt/Co and Pd/Co interfaces and deduced Ds values for Co/Au
(found to be zero), Pd/Co, and Co/MgO, which were found
to be weak and have negative signs. The investigation of the
correlation between the iDMI and PMA revealed a nonlinear
behavior resulting from the difference in the ranges of their
sensitivity to the interface SOC and the strongly localized ori-
gin for the iDMI. The criterion for skyrmions stability, applied
for our samples, revealed the possibility of the existence of
stable skyrmions in some samples.
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