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Despite a decade of research, the precise mechanisms occurring at interfaces underlying the
Dzyaloshinskii-Moriya interaction (DMI), and thus the possibility of fine-tuning it, are not yet
fully identified. In this study, we investigate the origin of the interfacial DMI, aiming at disentan-
gling how independent are the interfaces around the ferromagnetic layer, and what are their relative
contributions to the effective DMI amplitude. For this purpose, we have grown and investigated
a large variety of systems with a common structure Pt|Co|M with M = Ni, Pd, Ru, Al, Al|Ta
and MoSi. We explore the correlation between the effective interfacial DMI, and different intrin-
sic properties of metals, namely atomic number, electronegativity and work function difference at
the Co|M interfaces. We find a linear relationship between interfacial DMI and the work function
difference between the two elements, hence relating the nature of this behavior to the interfacial
potential gradient at the metallic interfaces. The understanding of the DMI mechanism is of utmost
importance since it opens up the possibility of precisely engineering the magnetic and hence the
spintronic properties for future devices.

In recent years, novel chiral magnetic textures such as
chiral-Néel domain walls (DWs) [1–3], spin spirals [4] or
skyrmions [5] in thin films and multilayers have been at
the core of many researches. The interest is two-fold due
to their interesting fundamental physics and their poten-
tial as information carriers in the future generation of
spintronic devices, e.g. storage, logic and neuromorphic
devices [5]. One of the key interactions involved in the
stabilization of these chiral textures is the antisymmet-
ric exchange, known as Dzyaloshinskii-Moriya interaction
(DMI) [6–10]. DMI is observed in systems with broken
inversion symmetry and large spin orbit coupling (SOC)
[11]. These conditions are realized in thin film systems in
which a ferromagnetic layer (FM) is sandwiched between
a heavy metal (HM) and another metallic (M) or oxide
layer. Despite the fact that the general conditions for
its existence are identified, there are still open questions
concerning the microscopic origin, amplitude or sign of
the DMI. In multilayered systems with FM layers thin-
ner than the exchange length, at least two interfaces have
to be considered and the measured interfacial DMI cor-
responds to an effective one. This makes it difficult to
disentangle if it results from adding independent contri-
butions or from a combined effect of both interfaces. It is
therefore of utmost importance to solve these questions
in order to be able to tune DMI values on demand.

Beyond the Fert-Levy three-sites model between two
atomic spins and a neighboring atom with a large SOC in
diluted alloys [10, 12] and its extension to bilayer systems
[11], first-principle calculations have been carried out for
atomic monolayer (ML) samples, evaluating quantita-
tively the antisymmetric DM exchange interaction [13].
For few atomic layers, dissociating the contributions to

the effective DMI (Deff) of each Pt ML adjacent to the
Co MLs [14, 15] showed diverse contributions up to sev-
eral ML away from the interface. In addition, the role
of the 3d orbital occupations and the hybridization with
the spin-orbit active 5d states to modulate the amplitude
of interfacial DMI was also observed [16]. However, these
calculations provide insight for specific systems, mostly
epitaxial and single-layer, so that the large variety of
experimental systems different from the ones described
above, often non-epitaxial, using lighter elements [17],
oxides [18] or 2D materials such as graphene [19] must
still be explored.

The archetypal experimental multilayered system is
composed of a thin FM layer deposited on a HM element,
with Pt|Co being the most studied bilayer because of the
large PMA [20] and the large interfacial DMI [21]. In
most of the experimental studies (except, e.g., Ref. [22]
under ultra-high vacuum conditions), a metal or oxide
layer is grown on top of the FM layer, either to gener-
ate the next repetition in multilayers or as a protecting
capping layer in simple trilayer systems. This layer has
to be different from the bottom one, to guarantee the
broken inversion symmetry and to avoid the cancellation
of the interfacial DMI. An effective DMI amplitude Deff

results from the combination of the DMI contributions
of the two FM interfaces, either reinforcing or compet-
ing [23, 24]. Our main objective is to understand how
the interfaces operate, by focusing on the influence of
the top Co|M interface on the effective DMI amplitude
Deff in multilayers having structure Pt|Co|M . This par-
allels the systematic theoretical work of Jia et al. [25],
albeit without the periodic repetition of the trilayer, and
with nanometer instead of 1 atomic ML thicknesses. The
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values of the effective interfacial energy Ds = Deff · tCo,
estimated by the asymmetric expansion of domain walls
(DWs), are correlated with intrinsic material properties,
namely the atomic number (Z), the electronegativity (χ)
and the work function (Φ) already proposed by Park et
al. [26]. These last two parameters are related to the
interfacial potential gradient (∇V ) at the metallic inter-
faces. Considering Pt|Co|M with M = Ni, Pd, Ru, Al,
Al|Ta and MoSi allows us to explore different d band fill-
ing and a large variety of intrinsic properties. Here, we
deliver a first catalog of properties for the engineering of
chiral textures [1, 23, 27–29].

The multilayer systems were grown by dc-magnetron
sputtering at room temperature (RT) on thermally ox-
idized silicon substrates covered with a 280-nm thick
SiO2 layer. The buffer layer is composed by 5 nm Ta
layer promoting good adherence on SiO2 and inducing
the (1 1 1)-oriented texture in the 8-nm thick Pt layer.
This favors a strong uniaxial perpendicular anisotropy
(Ku ∼ 0.8 − 1.1 MJ/m3 for Co thickness around 1-1.5
nm.) at the Pt|Co interface. A 3-nm thick Pt cap-
ping layer is deposited on top of all multilayers in or-
der to prevent oxidation. The magnetic characterization
was performed by superconducting quantum interference
device (SQUID) and alternative gradient field magne-
tometer (AGFM) magnetometry to measure the satura-
tion magnetization (Ms) and the effective anisotropy field
(µ0HK = 2Keff/Ms).

In order to measure the value of the micromagnetic ex-
change constant A, Brillouin light scattering (BLS) mea-
surements in the Damon-Eshbach (DE) geometry have
been performed for samples with different Co thickness.
In the DE geometry, the spin-wave frequencies are given,
for ultrathin films, by [30]:

f = f0 ± fDMI ≡
γµ0

2π

√
[Hip + Jk2

sw + ξ(kswt)Ms] ·√
[Hip + Jk2

sw − ξ(kswt)Ms −HK] ± γ

πMs
Dksw ,

(1)

where γ is the Co gyromagnetic ratio, µ0 the magnetic
permeability of vacuum, Hip the in-plane external mag-
netic field, J = 2A/(µ0Ms) is the spin wave stiffness,
ksw = 4π sin(θ)/λ is the spin-wave wavector, θ being the
incidence angle of the laser wavelength λ = 532 nm. Fi-
nally, ξ accounts for the influence of dipolar interactions
on the spin waves.

The exchange constant is obtained from the fit of f0

vs ksw for Pt|Co(1.7)|Ru and Pt|Co(1.4)|Al trilayers, and
from the thickness (0.5 nm) where we have measured that
the magnetization vanishes at RT. In Figure 1 we show
the inverse of Co thickness dependence of the exchange
constant for the samples measured (black filled dots). As-
suming a phenomenological linear thickness variation, it
is possible to extrapolate the values of A for any thickness
of interest (open circles). Interestingly, the extrapolated
value at 1/tCo = 0 (bulk Co thickness), shows a value

of 31±1 pJ/m in good agreement with the Co bulk value
[31]. Table I summarizes the values of A derived from
extrapolation for the systems which have been used to
derive the strength of DMI.

Figure 1. Exchange constant A as function of the inverse Co
thickness (1/tCo). Filled circles are the BLS experimental A
measurements. Open circles are estimations from the linear
fit for the Co thicknesses used in this paper.

The amplitude and sign of Deff in the Pt|Co|M sam-
ples is estimated from the asymmetric expansion of bub-
ble domains measured by polar magneto-optical Kerr mi-
croscopy [32–34]. The domains are driven by an out-of-
plane magnetic field pulses (Bz) of strength up to 500 mT
in the presence of a static in-plane magnetic field (Bx).
This large out-of-plane field is chosen to ensure that the
DW dynamics are held in flow precessional regime [35],
avoiding the smeared and non-symmetric DW expansion
found in the creep regime [32, 33, 36]. Details of the
experimental procedure are described in previous works
[19, 33, 37]. The differential Kerr images in Figure 2(a),
show the symmetric (asymmetric) expansion of a bubble
domain driven by Bz field pulses with Bx = 0 (Bx 6= 0)
for the Pt|Co|Al system. The asymmetric expansion of
the bubble domain is related to the presence of chiral
Néel DWs, whose velocity depends on the relative di-
rection of their internal magnetization and that of the
in-plane magnetic field. A counter-clockwise (CCW) ro-
tation of the magnetization, resulting from a negative
Deff , is obtained for all the samples. The velocities of
up/down and down/up DWs driven by a fixed out-of-
plane field pulse, as a function of the Bx in-plane field
are shown in Figure 2(b-g). The in-plane field for which
the DW velocity reaches a minimum is the one compen-
sating the field µ0HDMI = Deff/(∆Ms) that stabilizes
the chiral Néel walls (∆ =

√
A/Keff is the domain wall

parameter.). From this field value, the amplitude of the
effective interfacial DMI energy Ds is estimated through:

Ds = µ0HDMIMstCo∆ , (2)

The results are shown in Table I, that includes all the
magnetic parameters used in the calculations.

For Pt|Co|Ni we find that Ds is −0.21± 0.08 pJ/m, a
value that is within the range of indeed highly variable
results in Co|Ni systems [38, 39]. For the Pt|Co|Pd sys-
tem, Ds is −0.80± 0.20 pJ/m, which is a slightly higher
value than those found in [40, 41]. The system with Ru
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Figure 2. DMI determination using asymmetric domain
expansion, as observed by Kerr microscopy. (a) Expansion of
a Néel-type bubble domain in Pt|Co|Al trilayer for different
external in-plane magnetic fields Bx = -110, 0 and 110 mT.
Scale bar is 20µm. (b)-(g) Domain wall velocity vs. in-plane
field Bx for up/down and down/up DWs propagating in the
x-direction. The driving Bz = 250 mT field induces a DW
propagation in the flow precessional regime. Note that tCo

varies for the different materials (see Table I).

top layer presents a Ds = −1.04± 0.20 pJ/m, this value
is slightly smaller than the one determined by BLS mea-
surements performed in Pt|Co(1.7)|Ru used for the esti-
mation of A described earlier. For Pt|Co|MoSi, a system
of interest for studies of the interplay between supercon-
ducting vortices in MoSi and the magnetic skyrmions
in the ferromagnet [29], we find Ds = −0.93 ± 0.20
pJ/m. Then, in Pt|Co|Al and Pt|Co|Al|Ta, we estimate
Ds = −1.16 and −1.46 ± 0.20 pJ/m respectively. Inter-
estingly, neither Ms nor Ds are identical in these two sys-
tems, suggesting that phenomena beyond the Fert-Levy
three-site indirect exchange are at play. For the Pt|Co|Al,
Ds is in agreement with that reported in Ref. [17] where
the samples were epitaxial. Note that in this case the re-
sults are in good agreement with those obtained by BLS
for the same system (see Table I).

Considering the body of knowledge gained by the first
principles calculations of DMI vs sample composition
and architecture, we investigate experimentally the possi-
ble correlation between the estimated Ds values and the
metal properties such as atomic number (Z), the elec-
tronegativity (χ) or the work function (Φ). The first one
is related to the strength of the SOC and the latter two
are related to the expected interfacial ∇V which gives
rise to Rashba or interfacial DMI effects [42, 43]. In or-
der to increase the palette of material systems that can
be analyzed, we have added to our experimental data set
some of our previously reported experimental Deff val-
ues, namely, Pt|Co|M , M=Pt, Ir, Cu [17], Gd [37] and

Pt|Co|Graphene [19] (open circles in following figures).
Note that these additional measurements were performed
using the same MOKE setup.

We first analyze as first parameter the strength of the
SOC. It is known that the SOC increases with the atomic
number (∝ Z4 for isolated atoms). However, a precise
quantitative dependence with Z is not yet fully estab-
lished in metallic multilayers. In particular, for the heav-
iest elements, even though the number of electrons that
interacts with the nucleus increases, it must be consid-
ered that the core and the outer electrons are not exposed
to the same effective fields. For our case of interest, in
the indirect exchange picture, the most relevant electrons
are the outer ones and a SOC strength proportional to
Z2 is expected [44, 45]. In Figure 3(a), we present the
evolution of the measured Ds as a function of the atomic
number Z. Interestingly, we find that the experimental
Ds are sorted out in different groups or bunches depend-
ing on their outermost level, i.e. 2p, 3p, 3d, 4d and 5d.
Because the plotted Ds is an effective value including the
Pt|Co interface, it is however difficult to evidence a power
law relation with Z. Thus this parameter can be hardly
considered as a simple parameter for the control of Ds.

The second parameter, as Ds is expected to depend
upon a charge transfer effect at the interfaces [25], is the
interfacial ∇V resulting from the broken inversion sym-
metry. This parameter can be related to the electroneg-
ativity χ in Pauling scale [46] which is the ability of an
atom to attract electrons when it combines with another
atom in a chemical bond. The dependence of Ds on χ
is displayed in Figure 3(b). A linear correlation is found,
however with a relativity large dispersion that can be
characterized by the Pearson’s factor R, being equal to
0.72 in this case. We notice that this linear behavior is in
good agreement with Jia et al. calculations [25], which
were however obtained in ultra-thin systems, typically
Pt(1 ML)|Co(1 ML)|M(1 ML). They obtain a variation in
amplitude of 5 pJ/m for the theoretical Ds calculations
depending on the top M element [25], while experimen-
tally we find a total amplitude variation of 1.6 pJ/m be-
tween Pt and Gd. Since we are using multilayers with
much thicker individual layers, we can anticipate that
the properties of each interface might change significantly
compared to these predictions. This difference indeed
questions how independent the two interfaces can be con-
sidered and what is their mutual influence.

The interfacial ∇V can also be related with the work
function that represents the minimum energy needed to
remove an electron from the solid to the vacuum [47],
determining the band alignment. For thick enough mag-
netic layers, e.g., 4-5 MLs, the two Pt|Co and Co|M in-
terfaces might be considered relatively independent, hav-
ing each a Fermi level EF that is specific to each ele-
ment at a given interfaces [Figure 3(c)]. Since in all sys-
tems the bottom Pt|Co interface is the same, we consider
only the work function difference between Co and M :
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Table I. Measured magnetic properties of the different Pt|Co|M trilayers: cobalt thickness tCo, metal thickness tM, exchange
constant A, spontaneous magnetization Ms, effective anisotropy field µ0HK , domain wall width parameter ∆, DMI field
µ0HDMI, effective interface DMI energy density Deff extracted from the DMI field [Eq. (1)], effective interfacial DMI energy
density Ds, and effective interfacial DMI energy density DBLS

s measured by BLS. Negative DMI values in the table correspond
to CCW-DW chirality. Error margins are the same for all sample combination. For clarity, they are only indicated in the first
line, except for the error of Ds, which is 0.20 pJm−1.

Stacking tCo tM A Ms µ0HK ∆ µ0HDMI Deff Ds DBLS
s

(nm) (nm) (pJm−1) (MAm−1) (T) (nm) (mT) (mJm−2) (pJm−1) (pJm−1)

Pt|Co|Ni 0.7 0.4 8.9± 0.5 0.97± 0.05 0.46± 0.05 6.3± 0.5 50± 10 −0.31± 0.10 −0.21± 0.08 –
Pt|Co|Pd 0.9 1.0 13.8 1.80 0.35 6.6 75 −0.89 −0.8± 0.20 –
Pt|Co|Ru 1.1 1.4 17.3 1.10 0.52 7.8 110 −0.95 −1.04 −1.27± 0.03
Pt|Co|Al 1.0 1.4 15.6 1.10 0.31 9.6 110 −1.16 −1.16 −1.07± 0.09

Pt|Co|Al|Ta 1.0 1.4|3.0 15.6 0.96 0.38 9.3 165 −1.46 −1.46 –
Pt|Co|MoSi 0.8 1.4 10.4 0.87 0.90 5.2 260 −1.16 −0.93 –

Figure 3. Correlation of parameters characterizing the Co|M
interfaces with the effective DMI,Ds. (a) Atomic Number (Z)
dependence; (b) Electronegativity (χ); and (d) work function
difference between Co and M layer (∆Φ), for Pt|Co|M samples
with different M layers. (c) Scheme representing the trilayer
structure with Fermi levels, Φ and ∆Φ. ∆Φ values are cal-
culated from the literature. Open circles are extracted from
Ref. [17, 19, 37].

∆Φ = ΦM − ΦCo, and we expect ∇V ∝ ∆Φ. The same
effect in terms of ∇V is expected at the bottom interface.
In Figure 3(d), we present the evolution of the experimen-
tal Ds as a function of ∆Φ. Work function values are col-

lected from the literature [48–50]. A linear relationship
with a much better Pearson’s parameter, R = 0.94, than
for χ is found, indicating a better correlation. Only Gd
is found slightly out of the line. The case of Gd is more
complicated due to the 4f electrons and its magnetic be-
havior . The insets in the graph represent schematically
the trilayer structure, with an arrow indicating the direc-
tion of the interfacial ∇V due to ∆Φ. Depending on the
sign of ∇V , the interfacial DMI generated at the Co|M
interfaces enhances (∆Φ < 0) or decreases (∆Φ > 0) the
total Deff . Note that the experimental Ds value obtained
in [22] for Pt|Co (−0.7 pJ/m) [black star in Figure 3(d)],
have also added to the plot. Interestingly, it can be seen
that this Ds value is close to one measured for Pt|Co|Cu
(Ds = −0.6 pJ/m [17]) for which the work function differ-
ence for this interface is only 6 meV. From this, we then
conclude that for Pt|Co|Cu the effective DMI is origi-
nating from the Pt|Co bottom interface with almost no
additive or subtractive effect from the Co|Cu interface.

Finally, as it has been proposed for 2D electron gas
systems [51], the interfacial DMI present in our metal-
lic interfaces might be correlated to the Rashba param-
eter. In fact, the Rashba coefficient (αR) [52] expressed
through D = 2kRA, with kR = 2αRme/~2 is generated
by ∇V and then, is proportional to ∆Φ.

In conclusion, we have determined the value of Deff in
a series of sputtered Pt|Co|M multilayers with M = Ni,
Pd, Ru, Al, Al|Ta and MoSi. The effective interfacial
energy Ds is extracted from the asymmetric expansion
of magnetic domains in the presence of an in-plane mag-
netic field. Its amplitude strongly depends on the nature
of the top Co|M interface. The best correlation is found
with the work function difference between Co and the top
M layer. The interfacial potential gradient at the Co|M
interface plays the crucial role pointing directly to an
additive or subtractive behavior of the interfaces. Nev-
ertheless in this tCo range (≈ 1 nm) an indirect modifica-
tion of the Pt|Co bottom interface due to charge transfer
may also play a role. The experimental observation of a
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strong correlation between ∆Φ and Ds provides an effi-
cient tool to obtain desired values of the effective DMI
for the design of spin textures.
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