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Dzyaloshinskii-Moriya interaction in Ni/Cu(001)
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Dzyaloshinskii-Moriya interaction (DMI) is found in the epitaxial Ni/Cu(001) system by imaging magnetic
domain wall profiles with high resolution and by Brillouin light scattering. The domain walls have right-handed
chirality and deviate from both the Néel and Bloch configurations for Ni thicknesses up to 9 nm. From a detailed
structural analysis it is found that strain in the Ni film is inhomogeneous with film thickness. We suggest that
this strain field is responsible for the symmetry breaking that is required for a sizable DMI to appear, even in
absence of a heavy metal.
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I. INTRODUCTION

The Dzyaloshinskii-Moriya interaction (DMI) has gained
enormous interest in recent years when it was realized that ul-
trathin ferromagnets lack inversion symmetry if the combined
film/substrate entity is considered. Originally proposed for
bulk magnets without centrosymmetry [1,2], this antisymmet-
ric exchange interaction is now explored both for fundamental
understanding of magnetic materials and spin textures [3] as
well as for possible use in spintronics applications [4].

In ferromagnetic films, the necessary symmetry breaking
is achieved by the interface between the ferromagnet and
the substrate [5–7]. At this interface, an indirect exchange
mechanism is acting between two atoms in the ferromagnet
via an atom in the substrate, in addition to direct Heisenberg
exchange [4]. Spin-orbit coupling (SOC) is essential for this
indirect exchange interaction, but even for large SOC, DMI is
only a fraction of standard exchange. Hence, to observe large
DMI, almost all experimental studies have been performed
with ferromagnets on top of a heavy-metal substrate, as SOC
is large in high-Z elements. Moreover, mainly ultrathin fer-
romagnets (typically thinner than 1–2 nm) were used, so that
the interface dominates over the film volume. However, there
is also a practical reason why ultrathin films are used: Films
should be magnetized out-of-plane. Many ultrathin ferromag-
nets are perpendicularly magnetized owing to Néel’s surface
anisotropy, but the competing shape anisotropy eventually
rotates the magnetization into the plane by a spin reorientation
transition [8,9], taking place typically at a thickness of 1 to
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2 nm, depending on the system. There is, however, a notewor-
thy exception: Ni films epitaxially grown on Cu(001) show a
reverse reorientation transition with increasing film thickness.
They turn from in-plane to perpendicular magnetization at
around 1.5–2 nm, and remain perpendicularly magnetized up
to at least 9 nm before they finally return to in-plane magneti-
zation [10,11].

This offers the possibility to investigate DMI in an ex-
tended thickness range of a perpendicularly magnetized
ferromagnetic film. It is a priori by no means clear why
the interfacial DMI (i-DMI) concept should be applicable at
all for films of such large thicknesses. We therefore decided
to explore DMI via the imaging of chiral domain walls in
thick Ni films. Additionally, we used a locally averaging
technique, Brillouin light scattering (BLS), to compare mi-
croscopic and macroscopic information. We complemented
these magnetic experiments by a detailed analysis of film
growth mode, in order to deduce strain effects in this epitaxial
system.

Ferromagnetic Ni epitaxially grown on the Cu(001) surface
is a well-studied system, and it proved to be more intricate
than what could be naively assumed when a face-centered
cubic (fcc) metal is stacked on top of another fcc metal with
similar lattice constant. The initial pseudomorphic layer-by-
layer growth leads to tensile strain in the film that is gradually
relaxed by the formation of misfit dislocations [12,13]. It is
remarkable that only a fraction of the strain is removed up
to large Ni thicknesses of tens of nanometers. With respect
to magnetism, the complexity arises because bulk Ni shows
considerable magnetoelastic effects, which are even stronger
in thin films as strain modifies the magnetoelastic constants
[14]. In fact, the mere existence of the wide thickness range
in which Ni/Cu(001) is perpendicularly magnetized is due to
bulk magnetoelastic anisotropy [11]. Strain effectively breaks
the cubic symmetry along the surface normal, and the Ni film
gets tetragonally distorted.

For these reasons we decided to explore if chiral
interactions exist in Ni/Cu(001), an epitaxial model
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system in which no heavy metal is involved and that
is perpendicularly magnetized up to thicknesses of
about 10 nm.

II. EXPERIMENTAL METHODS

The Ni films were grown by thermal evaporation on a
single-crystalline Cu(001) substrate held at room tempera-
ture, with a growth rate of 1–4 nm/h. Some of the samples
were grown as a wedge by using a movable shadow mask so
that magnetic imaging at different thicknesses was possible
on the same sample. Wedges extended typically over a few
millimeters, with the Ni thickness varying from 0 to 10 nm.
For some experiments, 0.1 nm of Fe was deposited onto
Cu before Ni was grown. This “dusting” layer was confined
to only part of the sample for direct comparison between
Ni/Cu(001) and Ni/Fe/Cu(001). We complemented these
experiments by Ni films grown epitaxially on Cu/Si(001).
This allows batch-type fabrication of samples and further
processing such as cross-sectional focused ion beam milling
for structural investigations or magnetometry studies. We fol-
lowed the recipe that was developed long ago to grow epitaxial
Cu on top of Si(001) [15]. We used a Cu thickness of 50 nm,
after initially varying the thickness from 15 to 100 nm in
order to determine the optimum Cu crystal quality. Evapo-
ration rates were 0.1 nm/s for Cu and 0.2 nm/s for Ni. The
Ni/Cu/Si(001) samples were capped by 2 nm of Au to prevent
oxidation.

We used our spin-polarized scanning electron microscopy
(spin-SEM) tool [16] for magnetic imaging of the sam-
ples. With a probing depth of 1 nm, spin-SEM detects the
magnetization at the surface of a ferromagnet. Type and
chirality of a domain wall (DW) were determined by deduc-
ing high-resolution wall profiles of all three magnetization
components from these images. In addition to the magnetic
images, absorbed current maps were taken simultaneously
so that chemical and structural contrast could be related to
the magnetic images. As the Ni/Cu/Si(001) samples were
grown outside the spin-SEM tool, the Au cap layer was re-
moved after insertion into the tool by Xe+ sputtering. The
sputtering process is controlled by monitoring the atomic
composition of the surface by Auger electron spectroscopy.
The Ni/Cu(001) samples were grown in situ and hence did
not require sputtering prior to imaging, but Auger spec-
troscopy was routinely used to determine film thicknesses
during growth. The samples were demagnetized before imag-
ing by alternating perpendicular field cycles with gradually
decreasing amplitude.

The possible presence of DMI was tested by BLS that
was affirmed during the last decade as a popular and reliable
technique to quantify the value of the DMI constant D [17].
About 200 mW of a monochromatic laser beam with a wave-
length λ = 532 nm were focused onto the sample surface,
using a camera objective of focal length 50 mm corresponding
to an illuminated spot of about 40 µm diameter. The same
objective was used to collect the backscattered light that was
then analyzed in frequency by a Sandercock-type (3 + 3)-pass
tandem Fabry-Perot interferometer. Measurements were per-
formed in air, at room temperature, on Ni films of thickness
5 nm and 2.7 nm, capped with the above mentioned Au

protective overlayer. As is standard practice for measuring in-
terfacial DMI by BLS [17], we exploited the Damon-Eshbach
configuration, where an external magnetic field is applied in
the sample plane, with an intensity sufficient to saturate the
sample, while the wavevector k of the revealed spin waves
is also in-plane but perpendicular to the magnetic field. Be-
cause of the conservation of momentum in the light scattering
process, the magnitude of k is related to the incidence an-
gle of light θ , by the relation k = 4π sin θ/λ. The incidence
angle θ was varied between 10◦ and 60◦. In the presence of
DMI, both the Stokes and the anti-Stokes peaks in BLS spec-
tra, corresponding to spin waves propagating with opposite
wavevectors, are shifted in frequency by an amount that is
proportional to D. Note that the sign of D determines the
sign of fDMI .

We conclude this section by noting that a measured fre-
quency nonreciprocity in BLS by itself is not sufficient to
claim a chiral interaction such as DMI. In principle, different
surface anisotropies at the two film interfaces also lead to
frequency nonreciprocity. However, as clarified in previous
studies [18–20], the frequency nonreciprocity due to a dif-
ference in surface anisotropies scales with the square of film
thickness d , i.e., as d2, while the contribution due to DMI
scales as 1/d . Therefore, the nonreciprocity due to surface
anisotropy in BLS experiments for films with d � 6–8 nm, as
in the present case, can be disregarded (see for instance Fig. 3
in [18] and Fig. 2 in [19]).

III. EXPERIMENTAL RESULTS

A. Analysis of chiral domain walls and quantification
of DMI by magnetic imaging

We deduce the DMI of Ni/Cu(001) from magnetic imaging
by spin-SEM. By mapping the magnetization vector in areas
of the film that contain one or more DWs, we determine the
in-plane angle ϕ of the magnetization with respect to the wall
normal. This method has been successfully applied before and
described in detail [21]. Without DMI, DWs in a perpendic-
ularly magnetized ferromagnet are Bloch walls for stray-field
energy reasons and hence ϕ = 90◦. DMI contributes a term to
the wall energy that describes the chiral interaction and leads
to the canting of neighboring spins. Depending on the energy
balance between DMI and stray-field energy, the in-plane
magnetization direction points away from the direction of the
Bloch wall. The wall can even become a pure Néel wall with
ϕ = 0◦, provided that DMI is larger than a certain threshold
value. Note that with this DW-imaging method, the wall chi-
rality is determined directly without further calculation. The
strength of i-DMI is deduced with the help of a model and the
material constants of the ferromagnet [21].

In our spin-SEM tool, two components are measured si-
multaneously. The third component (plus redundantly one of
the two other components) can be measured by employing
a Wien filter as a spin-rotating device [22]. In this way, we
are able to map the magnetization vector with high-resolution
across a DW and from the two in-plane components we de-
termine the in-plane magnetization angle ϕ. An example is
shown in Fig. 1 for 7 nm Ni on Cu(001). In the linescan
across the wall, we observe the typical tanh profile for the
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FIG. 1. (a) Spin-SEM images for 7 nm Ni on Cu(001). The three
magnetization components Mz, Mx , My are shown in the vicinity of
a domain wall. The Mz component identifies the position of the wall,
while in the Mx and My component a faint contrast is visible within
the wall. The wall has right-handed chirality. Image size 460 nm ×
460 nm. The images were slightly filtered with a recursive filter to
enhance contrast. (b) Linescan across the domain wall for the three
components, averaged over the green rectangle indicated in the Mz

image in (a). From the ratio of the two in-plane components, ϕ = 63◦

is calculated.

out-of-plane component Mz. As expected for a film with per-
pendicular anisotropy, the wall is narrow, with a width of 37
± 3 nm. Both in-plane components Mx and My do not vanish
within the wall, hence the wall is neither of Bloch nor of Néel
type. From the ratio of the maxima of Mx and My, we deduce
an angle ϕ = 63◦ away from the wall normal. Moreover, the
wall has right-handed chirality (or clockwise sense of rota-
tion): When traversing the wall, the magnetization direction
rotates from the +Mz into the −Mz direction by pointing
towards the −x direction within the wall, in the commonly
used right-handed coordinate system.

DW angles measured for Ni thicknesses d up to 9 nm are
shown in Fig. 2. We observe that ϕ increases with increas-
ing d: For thin films, the wall is essentially of Néel type
with ϕ close to 0◦, while for thick films, the walls deviate
more and more from a Néel wall, getting closer to a Bloch
wall. All walls have the same right-handed chirality, consis-
tent with the Dzyaloshinskii-Moriya interaction. To estimate
the DMI strength, we use the equation deduced by Lemesh
et al. [23], which was applied in a similar study [21,24].
DWs are pure Néel walls as long as the DMI strength is
larger than a threshold value Dthr = 2μ0M2

s d2/(π2/ln(2) +
πd

√
(Ku + μ0M2

s /2)/A ). Ms and the uniaxial perpendicular
anisotropy Ku were determined by vibrating sample magne-
tometry (VSM) for a Ni film of 5 nm thickness covered by
2 nm Au: Ms = 359 kA/m, Ku = 153 kJ/m3 (calculated from

FIG. 2. Domain wall in-plane magnetization angles ϕ vs Ni film
thickness d on Cu(001). For d < 4 nm, walls are preferentially Néel
walls (ϕ close to 0) with right-handed chirality. For larger thick-
nesses, ϕ increases as the wall gets more and more Bloch-like. The
curves are calculated using the model by Lemesh et al. [23] assuming
interfacial DMI, with an i-DMI constant Ds of +0.3 pJ/m (dashed
line), +0.4 pJ/m (solid line), and +0.5 pJ/m (dash-dotted line) as
a parameter. The inset shows the effective DMI constant D vs film
thickness, calculated from ϕ (for details, see text). The values at
d = 1.4 and 2 nm should be considered as lower bounds, since no
DMI value can be determined if the wall is a pure Néel wall. The
DMI values determined by BLS are given for comparison as well.

the anisotropy field HA = 320 kA/m). The exchange stiffness
A is assumed to correspond to that of bulk Ni, A = 9 pJ/m.
We note that knowing Ku and A is less important: The second
term in the denominator becomes relevant for the “ultrathick
film” limit [23] and even for films as thick as 5 nm is only a
correction of <20%. There is a relatively large spread in the
data points, since the measured spin polarization signals in Ni
films are notoriously small [25], so the angle determination
has a large uncertainty. Moreover, the thickness of the films
is only known to within about 10–20% because films were in
part grown as flat films and in part as wedges, so the exact
position on the wedge matters. And finally, there is never a
guarantee in magnetism that the equilibrium lowest energy
state is reached by an ac demagnetization procedure. If we
assume that DMI is of interfacial origin, we can plot wall
magnetization angle vs thickness curves for a fixed i-DMI
constant Ds. Three model curves are given in Fig. 2 to tenta-
tively estimate Ds. We find Ds = +0.4 pJ/m but also give the
curves corresponding to Ds = +0.3 and +0.5 pJ/m for com-
parison. The trend of increasing wall angle with film thickness
is reasonably reproduced by the i-DMI model, but agreement
is mediocre. The opposite limiting case would be DMI having
bulk origin, i.e., each atomic layer of the film contributing
equally to DMI. From ϕ we can calculate the effective DMI
constant D by noting that D = Dthr/d . The inset shows how
D varies with d . If DMI were a pure bulk effect in Ni/Cu,
then D should be constant with d . This is not observed and,
even more, a clear trend is missing. We postpone a broader
discussion to Sec. IV.

Chiral DWs in films with thicknesses up to 9 nm have
not been imaged before. And it is surprising that the DMI is
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so strong in a ferromagnet on a 3d transition metal, as it is
believed that a heavy metal with large spin-orbit interaction is
a prerequisite for appreciable DMI. For comparison, Ds = −1
to −2 pJ/m for the prototypical Pt/Co/AlOx system [17,26]
or Ds = +1.07 pJ/m for Ir/Co [21]. On the other hand, our
values are similar to those reported earlier for Ni/Fe/Cu(001)
[27–29]. In both studies, however, the DMI was attributed to
the Ni/Fe interface and not to the Ni/Cu interface. Chen et al.
[27] even reported a reversal of the DMI upon reverting Ni
and Fe [30] for ultrathin Ni and Fe layers of 0.4 nm thickness
each. They also found Bloch walls when Ni was thicker than
2 nm, conflicting with our results.

We investigated the importance of small amounts of Fe at
the interface between Ni and Cu(001). The DW angles for Ni
films on 0.1 nm Fe/Cu(001) are included in Fig. 2. Within
our error margin, we do not find a change of Ds, neither in
amplitude nor sign. Note that our Ni films are thicker and the
Fe dusting layer thinner than in Ref. [27]. In particular, we
investigated the thickness range in which the pseudomorphic
growth of Ni on Cu(001) is no longer maintained and epitaxial
strain becomes relaxed.

B. Brillouin light scattering

It has been argued that extracting DMI from DWs might
be hampered because DWs pin at defects and hence the lo-
cal, atomic-scale environment at DWs might affect the result
[31]. We thus complemented our study with BLS experiments.
BLS is rather insensitive to the presence of defects, grain
boundaries, or surface roughness, since it involves spin waves
with wavelengths of several hundred nanometers, propagating
several micrometers along the sample. Hence, BLS averages
DMI over the region illuminated by the laser spot, in our case
a few tens of micrometers. BLS is able to directly quantify the
effective DMI constant by comparing the frequencies of two
counter-propagating spin waves, as anticipated in Sec. II. Two
Ni thicknesses were investigated, 2.7 nm and 5 nm, grown on
50 nm of Cu on Si(001).

Figure 3 shows the measured frequency difference between
the anti-Stokes and the Stokes peaks for the two investigated
samples. The effective DMI constant D has been extracted
from the slope of the regression lines, according to the linear
relation [17]: Slope = 2 fDMI/k = 2γ D/(πMs). The satura-
tion magnetization values were measured by VSM and the
gyromagnetic ratio was assumed to be γ = 190 GHz/T. A
positive slope was found for all samples, indicating D > 0,
i.e., right-handed chirality is favored, in agreement with the
spin-SEM observations. The surface constant Ds was then
obtained by multiplying D with the film thickness.

The values summarized in Table I are in the range of a
fraction of a pJ/m, i.e., similar to the values estimated by the
DW analysis.

Such a relatively good agreement between the results
obtained by BLS and those by DW analysis should not
be taken for granted. In earlier studies in which BLS and
DW-expansion experiments were done, either reasonable
agreement [32] but also appreciable discrepancy [31,33]
was found. It is also not obvious that Ni/Cu(001) and
Ni/Cu/Si(001) have exactly the same DMI strength. We
therefore repeated the DW analysis by spin-SEM experiments
on the Ni/Cu/Si(001) samples. Similar DW angles were

FIG. 3. Measured frequency difference (filled dots) between
the anti-Stokes and the Stokes peaks in BLS spectra for the two
Ni/Cu/Si(001) films with thickness of 2.7 nm and 5 nm, covered by
2 nm Au. The different data points refer to measurements performed
at different angles of incidence, corresponding to different values of
the spin wave wavevector k. The red lines correspond to the best-fit
regression line, whose slope is proportional to the value of the DMI
constant D. In both panels, the BLS spectrum for θ = 30◦ is shown
as inset.

found as for the Ni/Cu(001) system, see Fig. 2. We thus con-
clude for the Ni/Cu system that DMI is not merely confined
to the DW locations but extends over the entire sample area.

C. Film growth and strain

Let us now consider the strain that develops during epi-
taxial growth of the Ni film on Cu(001). Since a strain field

TABLE I. Saturation magnetization, effective DMI constant D,
and surface DMI constant Ds for the two samples analyzed by BLS.

Ms (kA/m) D (µJ/m2) Ds (pJ/m)

Cu / 5.0 nm Ni / Au 359 56 ± 13 0.28 ± 0.10
Cu / 2.7 nm Ni / Au 339 27 ± 11 0.07 ± 0.03
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FIG. 4. Dislocation formation in a Ni wedge on Cu(001), as imaged by spin-SEM. (a) Absorbed current images taken along the wedge,
showing the steps separating atomically flat terraces and dislocations running along the [110] and [110] directions; Ni thicknesses range from
2 nm (left) to 7 nm (right); image sizes 2.9 µm × 2.9 µm; (b) dislocation density (number of dislocations per micrometer) deduced from the
absorbed current images. No dislocations could be identified for d < 3 nm.

can break the symmetry along the sample normal, it could
contribute to DMI, as we will discuss in Sec. IV below.

The growth of Ni on Cu has been investigated extensively
[12–15,34,35]. Up to at least 2 nm, Ni grows pseudomor-
phically on Cu(001), with the in-plane lattice constant being
expanded by 2.5% to adopt the Cu lattice [15]. As a conse-
quence, the out-of-plane lattice constant is shrunk by 3.2% to
minimize the elastic energy and hence Ni is tetragonally dis-
torted [11]. With increasing thickness, the lattice strain relaxes
by introducing misfit dislocations, as observed decades ago
[12,13]. A simple model predicts that strain relaxes with film
thickness d as 1/d [36]. However, Ni films up to thicknesses
of at least 10 nm are under considerable tensile strain [12,14],
considerably larger than what is expected from this model.

In our spin-SEM tool, we observe dislocation formation
simultaneously with magnetic imaging. The misfit dislocation
glide planes appear in the absorbed current image as bright
straight lines along the [110] and [110] directions. Figure 4
shows a series of such images taken on a Ni wedge. The
dislocation density increases with increasing Ni thickness,
reflecting the fact that strain is relieved more and more by
introducing additional dislocations. A determination of film
strain in Ni on Cu(001) directly from dislocation densities is
hampered by the fact that the energy barriers might hinder
the formation of dislocations in complex ways. Cantilever
bending experiments and x-ray diffraction have been used to
deduce average film strain [14,15]. Both report that a consider-
able tensile strain remains in the film up to at least d = 10 nm.

These experiments reveal average strain values. However,
it would be beneficial to know the strain profile across the Ni
film. For this, we performed high-resolution scanning trans-
mission electron microscopy (STEM) and energy-dispersive
x-ray spectroscopy (EDS) on a cross section of a 5 nm Ni film
deposited on 50 nm Cu/Si(001) to investigate growth mode
and strain in the Ni film. The sample was capped with 2 nm of

Au. The cross-section lamellae for the STEM investigations
were prepared in a focused ion-beam (FIB) tool.

The bright-field STEM image in Fig. 5(a) displays the
well-resolved atomic lattice structures of Cu and Ni, while the
interface between the two cannot be identified easily due to a
lack of contrast since the elemental masses of Ni and Cu are
very similar. To locate the interface, EDS linescans across the
sample were performed, see Fig. 5(b). The interface appears
to be intermixed in a thickness range of <1.2 nm. This is an
upper limit, since some nonorthogonal alignment of the crys-
tal growth facets in the STEM setup could be responsible for
the gradual transition to some extent. In order to evaluate the
strain in the Ni film, we determine the in-plane lattice constant
of the sample (i.e., parallel to the interface) by fast Fourier
transforms as a function of the distance from the interface, see
Fig. 5(b). The in-plane lattice constant is found to gradually
decrease in Ni with increasing distance from the interface,
being 0.6% smaller at the top of the film than the Cu bulk
lattice constant. This means that it is still considerably larger
than the bulk lattice constant of Ni. Hence, despite the fact that
a 5 nm Ni film relaxes strain by dislocation formation, tensile
strain is large and gradually changes with distance from the
Cu substrate. This also means that the out-of-plane lattice con-
stant will gradually change with distance from the interface,
since the volume of the Ni unit cell is maintained. We have
not investigated whether this behavior also holds for ultrathin
Ni films in the pseudomorphic growth regime. According to
a LEED study, strain is essentially homogeneous across a
2 nm Ni film [34]. Strain within the film plane will also be
inhomogeneous, as misfit will preferentially be concentrated
around the dislocations. This could have consequences on our
method to determine DMI strength from the DW angle, since
the domain wall is confined to specific positions and directions
within the crystal structure. Figure 6 displays DWs in 4.3 nm
Ni on 0.1 nm Fe/Cu(001). At this thickness, the dislocation
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FIG. 5. (a) Bright-field STEM image of 5 nm Ni on Cu/Si(001), covered by 2 nm of Au. (b) EDS elemental profiles and in-plane lattice
constant (LC) across the sample, normalized to the Cu lattice constant, as calculated by FFT analysis of the image shown in (a). A gradual
change of lattice constant is observed. The Ni lattice is strained inhomogeneously with the film thickness.

lines are clearly visible in the absorbed current image and
spaced apart enough so that one can distinguish if a wall is
pinned at a dislocation or not. We do not observe an effect
on the wall angle within the statistical error: ϕ = 35 ± 5◦ for
the wall pinned at a dislocation, and ϕ = 33 ± 6◦ and 38 ± 7◦
for the walls where no dislocation can be identified. What
we observe, however, is that the wall width is about a factor
of 3 smaller when the wall is pinned. This could mean that
the position of a DW can fluctuate if pinning is not strong
enough [37].

IV. DISCUSSION

Our results on the Ni/Cu(001) system reveal two striking
observations: (i) DMI is considerable, even in films as thick as

FIG. 6. Spin-SEM images of a 1.4 µm × 1.4 µm area in a 4.3-nm
Ni film on Cu(001), with 0.1-nm Fe at the interface between Cu and
Ni. (a) Absorbed current image; dislocations are visible as bright
lines and single defects as dark indents. (b) Perpendicular magne-
tization component with a straight narrow DW pinned exactly at a
dislocation and two wider walls whose ends are pinned at single
defects but the walls do not run parallel to a dislocation line. The
wall angle ϕ is 35◦ for the wall pinned at the dislocation (line profile
taken at red line) and ϕ = 33◦ and ϕ = 38◦ for the walls where no
dislocation is present (line profile taken at blue line includes two
walls). To visualize the location of the domain walls with respect
to the dislocations, the images (a) and (b) are superimposed in (c).

9 nm, and (ii) strain is inhomogeneous and only partly relaxed
even in the thickest films.

Observation (i) leads us to question whether the interfa-
cial DMI model is appropriate for the Ni/Cu system, also
because the i-DMI model does not reproduce the wall angles
in Fig. 2 well. Moreover, Cu is a substrate that is not known
for providing large SOC. Despite this, it has been reported
that i-DMI is substantial for ultrathin Ni/Fe and Fe/Ni stacks
on Cu [27,30]. It should drop off rapidly with film thickness,
but there is in principle no upper thickness at which it will
completely disappear. The achiral Bloch wall with ϕ = 90◦ is
reached exactly only at infinite thickness, at least under the
assumption that the minimum energy state is indeed reached.
The threshold thickness, below which the DW has exclusively
Néel character, is according to Fig. 2 on the order of 3–4 nm.
Also, this is large when compared with, e.g., Co/Pt or Co/Ir,
even considering that one can expect it to be somewhat larger
for Ni than for Co, since DMI scales with the square of the
magnetization [23,38]. Hence, we argue that i-DMI cannot
explain our observations entirely.

Recently, DMI has been identified in GdFeCo ferrimag-
netic alloys in thick films up to 50 nm [39,40]. DMI was
found to increase linearly with film thickness, from which
it was concluded that bulk-DMI must be acting. Moreover,
i-DMI is unlikely to contribute in Ref. [39] since the DMI
value would lead to an interfacial Ds that is larger than any
value found so far in ultrathin films, while in Ref. [40], DMI
was very small and only observable because of the strongly
reduced Ms in this material near the compensation point. The
observed DMI was in both studies attributed to an elemental
composition gradient across the film, identified by electron
energy-loss spectroscopy elemental profiles. No heavy-metal
substrate was involved. Gd was proposed to take the role
of the element that supplies large SOC through its 5d elec-
trons. A layer-resolved Monte Carlo simulation puts these
observations on more general grounds and suggests that both
chirality and strength of the DMI can be tuned by tuning the
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elemental composition, even in disordered systems. To signify
that this interaction is different from a standard bulk-DMI,
it was called gradient-DMI (g-DMI) [41]. However, also in
these simulations, one of the atomic species involved is as-
sumed to have large SOC for efficient DMI. Based on our
EDS data shown in Fig. 5(b), a compositional gradient might
extend at maximum over a thickness range of 1.2 nm at the
Cu/Ni interface. Moreover, no large-SOC element is involved
that could efficiently supply a considerable effect. We there-
fore conclude that g-DMI is of minor importance in the Ni/Cu
system.

What is then the origin of the chiral effects we observe in
Ni/Cu? Let us consider observation (ii) above: Figure 5(b)
shows a gradient in strain, and even in thick Ni films only a
fraction of the lattice mismatch is relaxed. The strain gradient
across the film thickness is breaking the inversion symmetry,
fulfilling the basic requirement for DMI to exist. Indeed,
when i-DMI was still in its infancy, Bogdanov and Rössler
proposed that chiral interactions can in general be induced
by strain effects, and they even proposed Ni/Cu(001) as a
convenient system to observe such effects [42]. Combining
ab initio density functional theory calculations with micro-
magnetic simulations, Beck and Fähnle found that the DMI
strength scales linearly with strain in a bilayer of Fe on
W(110) [43]. They argue though that the effect should be
small. Given that “standard” i-DMI in Fe/W(110) is acting
strongly at the interface, a possible strain effect might be hard
to discover experimentally in this system. Strain leading to
DMI was also tentatively considered to explain asymmetric
vortex switching in Ni80Fe20 films, but no further evidence
was provided [44]. Recently, it was found by a systematic
analysis of the symmetries of all point groups that inhomoge-
neous strain leads to DMI in any material class, even without
inversion symmetry [45]. These symmetry arguments cannot
estimate the size of the effect but they predict that for fcc-Ni
with its m3m point group, a cycloidic interaction is expected,
consistent with our observations of chiral Néel walls. Exper-
imental proof for the predictions of Ref. [45] was given very
recently in thick centrosymmetric La0.67Sr0.33MnO3 films
grown on NdGaO3, with convincing agreement between mea-
sured strain gradient and spin-wave frequency shift [46].
The manganite system is rather complex with three non-
vanishing orthogonal DMI components and both helicoidal
and cycloidal interactions. In comparison, our Ni/Cu system
is simpler with its fourfold in-plane symmetry: Inhomoge-
neous strain leads to an in-plane DMI vector and a cycloidal
texture only.

We are not able to quantify the effects of strain on the
DMI strength, as this would require sophisticated relativistic
calculations. As for all flavors of DMI, large SOC helps to
observe the effects. Neither the Ni nor the Cu atom fulfills
this requirement. The tetragonally distorted Ni/Cu system, on
the other hand, has a significant orbital moment of 0.06 μB,
compared to a spin moment of 0.56 μB [47]. DMI effects can
be observed if the ratio of DMI and exchange is reasonably
large, and this ratio scales with the ratio of the orbital-to-
spin moment [42], which amounts to 10%. It should also be
mentioned that the mere fact of Ni/Cu having perpendicu-
lar magnetic anisotropy is proof that spin-orbit interaction is
not negligible in this system, since perpendicular magnetic

anisotropy is to good approximation proportional to the square
of the spin-orbit coupling [48]. If film strain then changes
the magnetoelastic coupling coefficients, orbital moments will
also be changed.

For the large part of the Ni film, we suggest that a strain-
induced DMI is acting, which we call s-DMI. Such an s-DMI
affects the entire Ni film and hence should in principle be-
have as a bulk effect, similar to g-DMI. Strain relaxation
by formation of misfit dislocations indeed affects the entire
film thickness. A typical strain relaxation vs film thickness
curve, however, decays with the inverse of the thickness [36].
Hence, one could expect that the bulk-like strain-induced
DMI is disguised as an interfacial DMI, similar to what
occurs in the Co2FeAl films investigated in Ref. [49]. This
will hold only approximately, since the 1/d dependence does
not describe reality well in the Ni/Cu system, as shown by
stress measurements during Ni deposition [14]. This agrees
with the observation in the manganite films that the DMI
strength neither scales as a bulk nor as an interface effect
with film thickness [46]. In Ni/Cu, the decay is much less
pronounced, as shown by stress measurements during Ni
deposition [14].

In view of these considerations, let us revisit Fig. 2. The
general trend of increasing wall angle with film thickness
is reproduced by the i-DMI model, but overall agreement is
moderate. It was proposed that the model can be extended to
include bulk-DMI [23], but the the proposed DMI term favors
helicoidal Bloch walls instead of cycloidal Néel walls because
of the symmetry of the underlying DMI term, conflicting
with our findings. According to our data, DMI is also not
constant, not even in the pseudomorphic growth regime for
d < 3 nm (see inset of Fig. 2). A term compatible with the
point group symmetry of strained tetragonal Ni films [45]
could be added to a DMI model. Such a term has exactly
the same functional dependence as the i-DMI term but is of
s-DMI origin. We hence argue that a further interfacial-like
term would be required to model the Ni/Cu(001) system.
Adding further parameters does in general improve agree-
ment with experimental data, but will not provide further
insight.

V. CONCLUSIONS

In conclusion, we find chiral domain walls in perpendic-
ularly magnetized films as thick as 9 nm in the Ni/Cu(001)
epitaxial system. This is all the more remarkable since DMI in
thin films is believed to originate from the spin-orbit interac-
tion at the interface between substrate and film, and since both
substrate and film are 3d transition metal elements, spin-orbit
interaction is considerably smaller than in prototypical DMI
systems. By atomic-scale structural analysis we find that the
Ni films are under tensile strain and that this strain is only
partly relaxed by misfit dislocations. We argue that the inho-
mogeneity of this strain leads to an effective DMI, despite the
fact that only 3d transition metals are involved. By employing
a microscopic and a macroscopic technique to determine DMI
strength, we can prove that DMI is not only present in strongly
strained regions of the film near dislocations but extends over
the entire sample area. The sign and strength of DMI is pre-
served by adding dusting layers of Fe at the interface and/or
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at the surface, indicating that it is not the interface but the
volume part of the film that is responsible for the chiral effects
found in Ni/Cu(001).
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