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Unraveling the Complexity of the Dzyaloshinskii–Moriya
Interaction in Layered Magnets: The Full Magnitude and
Chirality Control

Khalil Zakeri,* Albrecht von Faber, Sergiy Mankovsky, and Hubert Ebert

Chirality is one of the inherent characteristics of some objects in nature. In
magnetism, chiral magnetic textures can be formed in systems with broken
inversion symmetry and due to an antisymmetric magnetic interaction, known
as Dzyaloshinskii–Moriya interaction (DMI). Here, aiming for a fundamental
understanding of this chiral interaction on the atomic scale, several synthetic
layered structures composed of alternating atomic layers of 3d ferromagnetic
metals epitaxially grown on the Ir(001) surface are designed. It is
demonstrated both experimentally and theoretically that the atomistic DMI
depends critically not only on the orbital occupancy of the interface magnetic
layer but also on the sequence of the atomic layers. It is shown that even large
atomistic DMI values can result in a small effective DMI, and conversely.
Furthermore, the dependence of the effective DMI on the number of atomic
layers deviates from a simple scaling law. These observations are attributed to
the complexity of the electronic structure and the contributions of different
orbitals to the hybridization and DMI. The results are anticipated to provide
guidelines for achieving full control over both the chirality and the magnitude
of the atomistic DMI in layered materials.

1. Introduction

Chirality is a fundamental symmetry phenomenon in nature.
The DNA, amino acids, nucleic acids, and many carbohydrates
are chiral objects. Chirality plays a crucial role in the interac-
tion between enzymes and their substrates, a process which is
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essential for many chemical reactions on
which the life is based.[1] Chiral objects may
also be formed in magnetic systems pos-
sessing a chiral magnetic interaction. Such
an antisymmetric interaction, known as
Dzyaloshinskii–Moriya interaction (DMI),
is present in spin systems with broken in-
version symmetry and a large spin-orbit
coupling (SOC).[2] In a spin Hamiltonian
representation DMI is given by DMI =∑

i≠j D⃗ij ⋅ S⃗i × S⃗j, where the chirality of the

interaction between spins S⃗i and S⃗j is de-
termined by the direction of the DM vec-
tors D⃗ij.

[3] Similar to the symmetric Heisen-
berg exchange interaction, DMI is also an
inherently quantum mechanical effect.[2,3]

Themost important characteristic of this in-
teraction is that it is chiral and leads to a
twist in the spin system.[3] Hence, a detailed
knowledge of this interactionwould provide
an access to the chirality and size of topolog-
ical spin textures formed in chiral magnetic

materials[4–7] and enable the prediction of their dynamics under
external stimuli.[8]

When monolayers of 3d ferromagnetic metals such as Fe, Co,
and Ni are grown on substrates with a large SOC, one expects
a sufficiently large DMI, leading to the formation of chiral spin
textures.[9–15] Similar to many other magnetic parameters, it has
been observed that DMI is also very sensitive to the changes in
the electronic structure of the system induced by external per-
turbations. Recently, a strong DMI induced by chemisorption of
oxygen on the magnetic layers has been reported.[16] In a simi-
lar way, it has been demonstrated that other mechanisms, such
as variations in chemical composition[17–19] or introducing inho-
mogeneous strain effects,[20,21] can also be used to tune DMI
in both magnetic thin films and bulk magnets. These mecha-
nisms provide alternative ways to artificially engineer DMI, ex-
tending beyond the capabilities of standard approaches based on
intrinsic mechanisms.
Using theoretical calculations, Yang, et al. have explored the

influence of layer stacking on the DMI, with a specific focus on
nonmagnetic layers like Pt and Ir.[22,23] The calculations have
been performed for the (111) surface orientation of the layers,
indicating a possible tuning of DMI by changing the number and
combinations of themagnetic and nonmagnetic layers. Nonethe-
less, the investigation of the impact of the ferromagnetic layer
stacking on the atomistic DMI within the ultrathin regime
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remains unexplored, in particular from an experimental
perspective.
The atomistic DMI in planar magnets displays a complex pat-

tern. Recent studies have demonstrated that D⃗ijs in planar sys-
tems can exhibit a chirality inversion, depending on the dis-
tance between interacting spins.[24] The situation is anticipated
to become increasingly intricate as the number of atomic lay-
ers increases.[22,25] Hence, layered magnetic systems with dif-
ferent atomic layers would provide a platform to control the
complex pattern of D⃗ij and, consequently, the effective DMI
throughout a combination of the symmetry modification and ad-
ditive/subtractive effects of D⃗ijs. In this respect it is of prime
importance to unravel the impact of the number of the d-state
electrons on D⃗ijs. Such a systematic experimental investigation
of epitaxial atomic layers with well-defined structures, as model
systems, is still missing. In the next step one requires to experi-
mentally investigate the impact of the number and sequence of
the magnetic layers on DMI.
Ultrathin films, typically only a few atomic layers thick, are

conventionally termed 2D or quasi-2D systems. In particular, in
a filmwith a thickness of one or two atomic layers, the unit cell of
both face-centered cubic (fcc) and body-centered cubic (bcc) lat-
tices is not complete and the electronic and magnetic interaction
are confined in the film plane. It is, therefore, of great fundamen-
tal interest to understand the dimensionality effects on DMI in
such quasi 2D systems.
It is worth mentioning that addressing the aforementioned

points requires an appropriate experimental tool capable of quan-
titatively probing DMI. While real-space imaging of spin textures
can be used to indirectly quantify DMI (in particular the effec-
tive or the so-called micromagnetic DMI, see ref. [26] and ref-
erences therein for details), magnon spectroscopy offers a di-
rect quantitative method for probing this interaction.[27,28] The
most straightforward way to precisely quantify the atomistic DMI
is to probe both symmetric and antisymmetric interactions at
atomic length-scales. This can be accomplished by probing high-
wavevector magnetic excitations with wavelengths comparable to
interatomic distances, as has been demonstrated in refs. [25, 29].
In this regard, a reasonably high energy, momentum, and spin
resolution is essential to probe tiny effects and provide quantita-
tive values of D⃗ijs.
Here, we report on the impact of two critical factors on the

atomistic DMI, i.e., i) the number of d-state electrons of the in-
terface atomic layer, and ii) the number and the sequence of the
atomic layers. With this, we unravel the impact of dimensionality
on the atomistic DMI. We design specific magnetic architectures
with desired specifications. We grow atomic bi- and trilayers of
Fe, Co, and Ni on the Ir(001) substrate and probe the atomistic
DMI in such atomically designed structures. Utilizing Ir(001) as
a substrate facilitates the growth of high-quality atomic multilay-
ers. The near-invariant lattice structure and interatomic distances
of the layered magnets grown upon this substrate are essential
for accurately disentangling intrinsic effects from those arising
from structural variations. We will discuss the role of the layer
stacking of the ferromagnetic layers on the atomistic DMI. It will
be demonstrated experimentally, for the first time, that the num-
ber of the 3d states does not only influence the strength of DMI,
but also its chirality. At first glance the general trend is that the

intralayer atomistic DMI in the interface atomic layer is directly
correlated with the number of unpaired 3d states. However, due
to the complex pattern of D⃗ijs in each atomic layer the change
in the effective DMI goes beyond a simple scaling law.[26,30–34]

We will demonstrate that even large values of D⃗ij may result in
a small effective DMI and vice versa. As another consequence of
the complex pattern of the atomistic DMI, no simple prediction
of the dependence of the effective DMI on the number of atomic
layers is possible. Moreover, we will show that changing the num-
ber and the sequence of the atomic layers provide a versatile tool
for tuning DMI. We anticipate that the results provide guidelines
for designing complex topological spin textures in layered mag-
netic architectures, via tuning the atomistic DMI.

2. Results and Discussion

2.1. Quantification of the Atomistic DMI

Fe, Co, and Ni appear sequentially in Period 4 of the periodic
table, with their 3d orbitals being progressively filled. This is
also true in the solid form, where the sp states hybridize with
or overlap the d states. In order to address the impact of the
number of 3d electrons on the DMI we primarily focus on sin-
gle atomic layers of Co, Ni, and Fe epitaxially grown on Ir(001).
Thesemonolayer magnets are covered with 1 or 1.4 monolayer of
Co. In the following we refer these systems to as Co/Co/Ir(001),
Co/Ni/Ir(001), and 1.4Co/Fe/Ir(001), respectively. The atomistic
DMI was probed by spectroscopy of collective magnetic exci-
tations (magnons, see Section 4 for details of sample prepara-
tion and the spectroscopy experiments). The experiments were
performed on atomically designed ultrathin films and multi-
layres grown on atomically flat surface of an Ir(001) single crys-
tal. The magnons were probed by means of spin-polarized high-
resolution electron energy-loss spectroscopy (SPHREELS).[35–38]

The scattering geometry used in our experiments is shown in
Figure 1a. The scattering plane was adjusted so that themagnons
momentum Q⃗ was parallel to the Γ̄–X̄ direction, as indicated in
Figure 1b. Typical SPHREEL spectra recorded on such layered
structures are presented in Figure 1c–e. I↓ (I↑) represents the
SPHREEL spectra when the spin polarization of the incoming
electron beam is parallel (antiparallel) to the ground state mag-
netization M⃗. The difference spectrum I↓ − I↑ includes all the
necessary information regarding the magnons, e.g., their energy
and lifetime.[39,40] In the data shown in Figure 1c–e M⃗ was paral-
lel to the [110]-direction and Q⃗ was along the [110]-direction. The
difference spectra were evaluated using a Lorentzian function de-
scribing the intrinsicmagnon signal, convoluted with a Gaussian
function, accounting for the experimental resolution (see for ex-
ample refs. [39–41] for details). The magnon excitation energy
𝜀(Q) is given by the peak position of the Lorentzian. Our analysis
reveals that 𝜀(Q) is 78|+3−1 meV, 115|+3−1 meV and 59|+2−2 meV for the
spectra shown in Figure 1c,d,e, respectively.
The presence of DMI leads to an asymmetry in the magnon

dispersion relation. Hence, this interaction can be measured
by probing the magnon energy asymmetry Δ𝜀(Q) = 𝜀(Q) −
𝜀(− Q) as a function of the magnon momentum Q.[25,27,28,42–45]

Probing Δ𝜀(Q) can be accomplished in two ways; either by
changing the scattering geometry (which directly switches the
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Figure 1. a) The scattering geometry used for the SPHREELS experiments. Ei (Ef), k⃗i (k⃗f ), and 𝜃i (𝜃f) denote the energy, momentum and angle of

the incident (scattered) electrons, respectively. b) The magnon momentum Q⃗ with respect to the real and reciprocal space of the lattice. c–e) Typical
SPHREELS spectra recorded at a wavevector of Q = 0.6 Å−1 on different multilayer systems epitaxially grown on Ir(001). The spectra were recorded at
the incident energy of c) Ei = 8 eV, d) Ei = 10 eV, and e) Ei = 8 eV. All spectra were recorded at room temperature. The spectra shown in red and blue,
denoted by I↓ and I↑, were recorded with the spin polarization vector of the incident electron beam being parallel and antiparallel to the magnetization

M⃗, respectively. The difference spectrum I↓ − I↑ is shown by the sea-green color. In the ball model presented in (b), spheres of a lighter color denote
atoms in the surface layer, while those of a darker color represent atoms in the layer below. For clarity, the conventional surface unit cell of the fcc(001)
lattice (including two surface atoms) is also shown by the dotted square. The magnon energy 𝜀(Q) is 78|+3−1 meV, 115|+3−1 meV, and 59|+2−2 meV in (c), (d),
and (e), respectively.

direction of Q⃗) or by switching the sample magnetization M⃗ to
the opposite direction. In Figure 2 we show the difference spec-
tra recorded for Q = ±0.6 Å−1 and for opposite orientations of
M⃗. The high momentum resolution of the spectrometer mani-
fests itself in the measurements performed for ±Q, compared to
those recorded by filliping the sample magnetization. The best
examples are the spectra recorded on the Co/Ni/Ir(001) system
presented in Figure 2b, in which one clearly observes that the
spectrum for Q⃗ = − and M⃗ ∥ [110] is almost identical to Q⃗ = +
and M⃗ ∥ [110]. The data shown in Figure 1 unambiguously indi-
cate the presence of an energy asymmetry for all three systems.
Δ𝜀 seems to be the largest for the case of 1.4Co/Fe/Ir(001) and
smallest for the case of Co/Ni/Ir(001). More interestingly, the
sign ofΔ𝜀 is reversed in the case of 1.4Co/Fe/Ir(001) compared to

the Co/Ni/Ir(001) and Co/Co/Ir(001) systems. The opposite chi-
rality of DMI in 1.4Co/Fe/Ir(001) is manifested by the inverted
sign of Δ𝜀 compared to the systems having either a Co or a Ni
interface layer.
In order to gain more insights into the physics of the atom-

istic DMI in these systems we probed Δ𝜀 as a function of Q and
the results are summarized in Figure 3. The experimental data
of 𝜀(Q) (the magnon dispersion relation) for different systems
are presented in Figure S1 (Supporting Information). By analogy,
Δ𝜀(Q) can be regarded as the dispersion relation of DM energy,
as it shows the energy landscape of DMI in momentum space.
This quantity provides access to the atomistic DMI without the
need for probing other magnetic parameters. Looking at the data
presented in Figure 3 one can conclude that the effective DMI at
the Co/Ir interface is larger than that at the Ni/Ir interface. Both

Figure 2. The difference spectra recorded on different layered systems. The spectra were recorded at Q = +0.6 Å−1 for the two possible directions
of magnetization, i.e., M⃗ ∥ [110] (seagreen solid circles) and M⃗ ∥ [110] (orange solid circles). In order to facilitate the comparison of the spectra with
different magnetization directions, the same spectra multiplied by −1 are shown as well. In the case of Co/Ni/Ir(001) the data for both directions of
Q⃗ and M⃗ are shown. For the cases denoted with Q⃗ = + and Q⃗ = − the propagation direction is along the [110] and [110] directions, respectively. The
blue and red marks indicate the magnon energies 𝜀(Q). The corresponding values of Δ𝜀(Q) are 3|+3−1 meV, 2|+3−1 meV and −6|+2−4 meV, for Co/Co/Ir(001),
Co/Ni/Ir(001), and 1.4Co/Fe/Ir(001) systems, respectively.
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Figure 3. Dispersion relation of the DM energy Δ𝜀(Q) for different layered structures. The experimental data are shown by the symbols and the
results based on the ab initio calculations are shown by solid curves. Different colors indicate different systems. The opposite chirality of DMI in
the 1.4Co/Fe/Ir(001) and Co/Co/Fe/Ir(001) samples is manifested by the inverted sign of Δ𝜀(Q) compared to the other systems. The data for the
Co/Co/Ir(001) are reprinted with permission from.[24] Copyright (2023) by the American Physical Society.

interfaces possess a smaller DMI compared to the Fe/Ir inter-
face. We will see that this is not the only important observation
and the atomistic DMI depends critically on other factors, e.g.,
the number and sequence of the atomic layers.
In order to understand the experimental data in more details,

we performed first-principles calculations of the magnetic prop-
erties of the experimentally investigated layered structures. The
calculations are based on the fully relativistic Korringa-Kohn-
Rostoker electronic structure method (see Section 4 for the tech-
nical details of the calculations). The output was used to calculate
Δ𝜀(Q).[24,25,27] The results are presented in Figure 3 and are com-
pared to those of the experiments.
It is worth pointing out that in the first-principles calculations,

the variations in the interlayer distances have been fully taken
into account. This is accomplished by using the experimental in-
teratomic distances as the structural inputs of the calculations.
Hence, one source for the minor deviation of the experimental
results from those of the calculations could be that the Ir(001)
surface tends to reconstruct and form a 1 × 5 reconstruction. The
reconstruction appears usually in two mutually orthogonal do-
mains. Although the experiments were performed on flat Ir(001)
surfaces, it could be that in the initial stage of growth some small
domain of Ir(001)–1 × 5 are formed. Another source of devia-
tion might be marginal interdiffusion of the atomic layers at in-
terfaces. Although the samples are of high-quality, the real sam-
ples measured in the experiment are not perfect and ideal, as in
the calculations.
The agreement between the numerical calculations and the ex-

perimental results confirms the reliability of the first-principles
calculations. It is, therefore, useful to analyze D⃗ij in detail.

In Figure 4 the layer-resolved D⃗ij is presented for the
Co/Ni/Ir(001) and Co/Fe/Ir(001) systems. The results of the Co
double layer on Ir(001) may be found in ref. [24]. The antisym-
metric interaction of a Ni atom located at the origin (0,0) within
the interface layer, with the other Ni atoms located at a distance
R⃗j in the same layer (light-blue color) or the Co atoms located

in the surface layer (orange color) are shown in Figure 4a. The
DM vectors describing the interaction between a Co atom located
at (0,0) in the surface layer with the surrounding atoms are pre-
sented in Figure 4b. The chirality of DM vectors is denoted using

Figure 4. The calculated atomistic DM vectors for [(a) and (b)]
Co/Ni/Ir(001) and [(c) and (d)] Co/Fe/Ir(001). The results for the case in
which the origin site is located within the interface layer are shown in (a)
and (c) and those for the case in which the origin site is located in the sur-
face layer are shown in (b) and (d). In the ball representation the surface
atomic layer is shown by the orange color and the interface layer is shown
in light-blue color. The color of D⃗ijs indicates their chirality (red for counter

clockwise and blue for clockwise). The scales of D⃗ijs are provided for each
systems separately.
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different colors (red for a counter-clockwise rotation and blue for
a clockwise rotation of the D⃗ijs. The sign of the chirality index

of the DMI is directly given by the direction of the D⃗ijs. The re-
sults of the Co/Fe/Ir(001) system are presented in Figure 4c,d.
In a similar way the DM vectors representing the interaction be-
tween an Fe atom, located at the origin, with all the neighboring
atoms are shown in Figure 4c and those representing the inter-
action of the middle Co atom, located at (0,0) within the surface
layer, with the other atoms are shown in Figure 4d. One immedi-
ate conclusion of the data presented in Figure 4 is that the DMI
at the Ni/Ir interface is much smaller than at the Fe/Ir interface.
For instance, the second nearest neighbor interaction which de-
scribes the interaction between neighboring Ni atoms within the
interface Ni layer (D2, x = 0.049 meV, D2, y = 0 meV) is by a factor
of 27 smaller than the corresponding interaction within the Fe
interface atomic layer (D2, x = −1.33 meV, D2, y = 0 meV). Like-
wise, the interlayer DMI of Ni–Co (D1, x = −0.0018 meV, D1, y =
+0.0018 meV) is much weaker compared to that of Fe–Co (D1, x
= −0.29 meV, D1, y = +0.29 meV), even though the interatomic
distances of these two layers are the same. Looking at the DM
vectors within the Co atomic layers one realizes that the nearest
neighbor intralayer DMI in the Co layer on top of the Ni (D2, x =
−0.124 meV,D2, y = 0 meV) has nearly the samemagnitude (D2, x
=+0.126meV,D2, y = 0meV). This observation that the atomistic
DMI of the Fe/Ir interface is much larger than that of the Co/Ir
interface has also been observed in the theoretical calculations
by Yang et al., on a multilayer stack composed of 3Ir|3Co|3Pt,
all having a (111) surface orientation.[23] It is important to no-
tice that in our case all the layers possess a (001) surface orien-
tation. It seems that the Fe/Ir interface exhibits a large atomistic
DMI, irrespective of the surface orientation. Another very impor-
tant result is that the chirality of the D⃗ijs in the Co/Ni/Ir(001) and
Co/Fe/Ir(001) systems is very different. While within the Ni layer
one can clearly see that the chirality is of counter-clockwise type,
within the Fe atomic layer it is of clockwise nature. In addition,
the pattern of D⃗ijs within the Co layers for the two systems is dif-
ferent. Inside the surface Co layers, the pattern is a mixture of
both chiralities. Comparing the results to those of the Co double
layer grown on the same surface indicates that the change in the
pattern of D⃗ijs in the surface Co layer is a consequence of the re-
construction of the electronic structure of the system as a result of
replacing the interface layer with a different element. The finding
that D⃗ijs within the interface Fe layer possess an opposite chirality
compared to those within the interface Ni atomic layer is experi-
mentally supported by the opposite sign of the energy asymme-
try when comparing the experimental results of Co/Fe/Ir(001) to
those of Co/Ni/Ir(001), presented in Figure 3. The effect is far be-
yond the error bars. As one clearly observes, for the samples with
an Fe atomic layer at the interface Δ𝜀(Q) is negative for positive
Q and positive for negative Q. This behavior stands in opposi-
tion to that observed in samples, where Co or Ni is present at the
interface. Likewise, the magnitude of DMI is somehow encoded
in the absolute values of Δ𝜀(Q). These values are larger for the
case of Co/Fe/Ir(001) compared to the other systems. It is impor-
tant to emphasize that not only the absolute values of Δ𝜀(Q) but
also its behavior as a function of Q, are crucial for the determi-
nation of DMI, given the complex pattern of atomistic DMI in
layered structures.

Additionally, epitaxial relationships and lattice mismatch sig-
nificantly influence magnetic parameters, particularly atomistic
DMI. The structural similarity and comparable interatomic dis-
tances of ultrathin Fe, Co, and Ni films on Ir(001) offer a key ex-
perimental advantage. By ensuring that the replacement of the
interface layer does not influence the epitaxial strain, one can
isolate and observe the effects associated with variations in the
unoccupied 3d states. It is important to emphasize that in the
first-principles calculations the experimental lattice parameters
were used. Given the fact that all multilayer structures within
this study exhibit nearly identical geometrical structures, the ob-
served variations in the atomistic DMI can be confidently at-
tributed to changes in the number of electronic d states.

2.2. Interplay Between Orbital Occupancy and the Atomistic DMI

Since DMI requires a broken inversion symmetry in combina-
tion with a large spin-orbit coupling, it is therefore straightfor-
ward to investigate the spin-orbit energy in the system in detail,
as has been done in ref. [22]. In the case of interfacial DMI the
spin-orbit coupling is supported by the nonmagnetic substrate
(in our case Ir(001)). Because all films were grown on the Ir(001)
substrate with nearly identical geometrical parameters, includ-
ing surface orientation, and interatomic distances, the spin-orbit
coupling strength acting on the layers is assumed to be identi-
cal for all systems. The number of electronic d-states were varied
by changing the interface atomic layer, keeping the surface layer
unchanged. Therefore, in our analysis we focus on the changes
in the electronic states rather than changes in the spin-orbit en-
ergy. To this end, it is very useful to perform an analysis of the
features of the density of states (DOS) near the Fermi level that
are important for the magnetic interactions.[46] As pointed out,
an important consideration is that due to the antisymmetric na-
ture of DMI it involves the spin-orbit spin-mixed states, mainly
supported by the substrate. Hence, places inside the electronic
DOS, which can lead to the appearance of such states are of par-
ticular importance.
In Figure 5 the spin and layer-resolved DOS of different

layered structures are presented. The analysis reveals impor-
tant features in the DOS. We first focus on the results of the
Co/Ni/Ir(001) system. A comparison between the DOS of the in-
terface Ir atoms compared to that of the Ir atoms sitting deeply
inside the substrate is provided in Figure 5a, indicating that only
themajority spin states are slightlymodified. In particular the un-
occupied states slightly below 1 eV are shifted toward the Fermi
level. A detailed analysis of these states indicates that they are
mainly of dxz, dyz and dx2−y2 character (see Note S1 and Figure S2,
Supporting Information). These 5d states of Ir are responsible for
the electronic hybridization. The energetic overlap of these states
with the electronic states of Ni, shown in Figure 5b, is rather
small. This is due to the fact that in Ni a large fraction of the elec-
tronic states are occupied and hence are located below the Fermi
level.[47] The smaller overlap of the 3d states of the Ni with the
5d states of Ir leads, obviously, to a small DMI in Ni. This inter-
pretation is in agreement with the Hund’s first rule as the main
mechanism responsible for the hybridization and the DMI.[48,49]

The partial DOS of the Co atoms shown in Figure 5c suggests
that, in this case, a moderately high degree of hybridization is
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Figure 5. Spin and layer-resolved DOS and of different layered structures. The results of Co/Ni/Ir(001), Co/Fe/Ir(001), and Co/Co/Fe/Ir(001) are pre-
sented in (a)–(d), (e)–(h), and (i)–(l), respectively. The values of are given in meVÅ/μB. The experimental results shown in (h) are for 1.4Co/Fe/Ir(001).
In all the DOS representations the Fermi-level is set to zero and is indicated by the solid vertical lines.

expected due to the presence of a sufficient number of Ir 5d states
degenerated with the unoccupied minority states of Co.
In order to be able to compare the values of D⃗ijs of different

layers and to that of the experimental magnon energy asymme-
try we define the quantity  given by  =

∑
ij(1∕𝜇i)D⃗ij ⋅ R⃗ij. The

layer-resolved  is shown in the upper rows of Figure 5 for each
system. The results of Co/Ni/Ir(001) indicate thatwithin theNi
(Co) layer is negative (positive) as a result of the counter-clockwise
(clockwise) rotation of D⃗ij [see Figure 5d]. Due to the larger contri-
bution of theNi layer, the value of total is negative in agreement
with the experimental value.
The DOS of Co/Fe/Ir(001) is presented in Figure 5e–g. As ap-

parent from Figure 5(e) the shift in the Ir 5d states is significant.
In particular the unoccupied states of the interface Ir atoms are
shifted to higher energies (with respect to the bulk Ir) as a result
of a high degree of hybridization. The most important observa-
tion is the presence of a considerably large amount of unoccupied
states above the Fermi level in the Fe layer [see Figure 5f], which
energetically degenerate with the spin-orbit mixed Ir 5d states.
These states are predominantly of dz2 , dyz, dxz and dxy and partially
of dx2−y2 , character

[35,50] (see Figure S2, Supporting Information).
Likewise, the Co surface layer exhibits a considerable amount of

unoccupied d states above the Fermi level [see Figure 5g]. These
states are extended to higher energies compared to the case of
Co surface layer of the Co/Ni/Ir(001) system shown in Figure 5c.
This is a consequence of the hybridization of these states with
i) the states of the Fe layer andii) those of the Ir interface layer.
Both of these facts lead to a notable DMI in the Co layer. As a
result, this system exhibits a rather large total  as observed in
Figure 5h.
Since the Fermi level is mainly determined by the substrate,

when an additional Co layer is added on top, the features above
the Fermi level remain almost unchanged [see Figure 5i–k]. How-
ever, due to the fact that different symmetries of orbitals are in-
volved in the coupling[22,51–53] the pattern of D⃗ijs changes dramat-
ically leading to a reduction of  in the Co layer, while the in-
tralayer D⃗ijs within the Fe andmiddle Co layer remain unchanged
(see the discussion under Section 2.3 and Figure 6). The reduc-
tion of  in Figure 5l is also a result of the strong coupling of
the two Co layers which leads to a shift of the spin-density to-
wards the surface layer, in line with the large magnetic moment
of the middle Co layer. A detailed discussion of the spin-, orbital-
and layer-resolved DOS is provided in Note S1 and Figure S2
(Supporting Information).
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Figure 6. The calculated layer-resolved atomistic DM vectors D⃗ij and the effective DMI for the Co/Co/Fe/Ir(001) layered structure. a–c) The atomistic
DM vectors within each atomic layer of the Co/Co/Fe/Ir(001) layered structure. The results for the case in which the origin site is located within the
interface Fe layer, the middle Co layer and the surface Co layer are shown in (a), (b), and (c), respectively. For the sake of simplicity only the interaction
between the neighboring layers are shown. The color of D⃗ijs indicates their chirality (red for counter-clockwise and blue for clockwise). d) The layer-
resolved  given in meVÅ/μB.

2.3. The Impact of Dimensionality on the Atomistic DMI

In order to address the impact of dimensionality on D⃗ijs we inves-

tigated the pattern of D⃗ijs when increasing the number of atomic
layers. Since one monolayer of 3d ferromagnets on Ir(001) (and
many other substrates) does not exhibit a ferromagnetic order,
we investigated the effect in the transition between the second
and third atomic layers. This is where the unit cell of fcc lattice
becomes complete. As a side remark, the absence of a ferromag-
netic order does not mean that the atomistic DMI in an atomic
layer is inactive. In fact the atomistic DMI in such monolayers is
rather strong.[12,14,54] The ferromagnetic order and DMI are dif-
ferent physical aspects. In the SPHREELS experiments it ismuch
easier to investigate samples which show a ferromagnetic order.
In such a case one can take advantage of “spin resolution” bymea-
suring the difference spectra, as shown in Figure 2. With this one
can eliminate the effects associated with spin-independent pro-
cesses, e.g., phonons or non-spin-flip processes, during the scat-
tering event.[55]

The results of the D⃗ijs of the Co/Co/Fe/Ir(001) structure
are presented in Figure 6. Comparing the results to those of
Co/Fe/Ir(001), shown in Figure 4c,d, indicates that the values of
D⃗ijs inside the Co layers are very different. The dramatic changes

of D⃗ijs and, consequently, the reduction of  in the Co layers,

while the intralayer D⃗ijs within the Fe layer have remained un-
changed, is a consequence of a change in the dimensionality of
the system. When the second Co layer is added it is strongly cou-
pled to the Co layer below. This fact leads to a shift of the spin-
density toward the surface layer, in line with the large magnetic
moment observed for the surface Co layer. Before adding the Co
layer the spin-density is mainly confined in the Co and Fe layers.
The presence of the additional Co layer leads to a redistribution of
the electrons toward the third direction, i.e., the direction perpen-
dicular to the surface. Such an effect has been observed to sub-
stantially change the overlap of the electronic states and, conse-
quently, change the symmetric exchange interaction, leading to a
nonmonotonic behavior of the Heisenberg exchange interaction
as a function of film thickness.[46,56] A similar but much more
complex effect is also expected here. The complexity is, partially,
due to the fact that the spin-orbit coupling is mainly supported by

the presence of the substrate and, hence, does not affect all lay-
ers equally. We note that all these have properly been taken into
account in our first-principles calculations.
Our results predict that Δ𝜀(Q) shall be strongly suppressed

when exchanging the interface Fe layer and the middle Co layer
(see Figure S3, Supporting Information). However, the strength
of  is found to be governed by D⃗ijs within the Co layers. This is
due to the fact that the orbitals essential for the hybridization are
supported by the Fe middle layer. Our experiments indicate that
Δ𝜀(Q = 0.6) ⩽ 1 meV, confirming the validity of our discussions.
As another prove of the impact of the dimensionality on the

atomistic DMI we have performed calculations for one and two
atomic layers of Co grown on the Ir(001) surface and observed the
same effect. The main results of this investigation are as follows.
In the case of Co/Ir(001) it was observed that D⃗ijs are large. For

instance we obtained the values of (D1∥, x = −1.6, D1∥, y = 0) and
(D2∥, x = D2∥, y = +0.13) meV, representing the first and second
nearest neighbors sitting in the same atomic plane, respectively.
In the case of Co/Co/Ir(001) these values were found to be (D1∥, x
=−0.45,D1∥, y= 0) and (D2∥, x=D2∥, y=+0.1) meV for the inter-
face Co layer and (D1∥, x=−0.14,D1∥, y= 0) and (D2∥, x=D2∥, y=
+0.16) meV for the surface Co layer. This is again due to the fact
that adding the second Co layer changes the dimensionality of
the system. This effect in the electronic structure appears mainly
as a shift of the spin-density in the direction perpendicular to the
surface, as observed by analysis of the spin-resolved DOS.
The effects mentioned above are direct consequences of the

dimensionality of the systems. The concept of dimensionality
is also important in the context of newly discovered materials,
known as 2D van der Waals (vdW) magnets. Since the electronic
and magnetic interactions within each vdW layer in this class of
materials are much stronger than those between the vdW layers,
one would expect to observe similar effects there.

3. Conclusion

In conclusion, we examined the impact of two critical factors on
the atomistic chiral magnetic interaction, i.e., i) the density of the
electronic d-states of the interface atomic layer, and ii) the num-
ber and the sequence of themagnetic layers. It was demonstrated
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both experimentally and theoretically that the number of the un-
occupied 3d states of the interface atomic layer is decisive for both
the magnitude and the chirality of the DM vectors. The general
trend is that themagnitude of the intralayer atomistic DMI in the
interface layer is directly correlated with the number of unpaired
3d states within this layer. However, the pattern of D⃗ijs inside this
layers (and the layers on top) is very complex. Hence, a prediction
of the total DMI goes beyond a simple scaling law. This fact was
explained based on the complexity of the electronic structure and
the contributions of different orbitals to the hybridization and
the antisymmetric exchange interaction. This means that chang-
ing the number and the sequence of the atomic layers provides
a way of tuning DMI in layered structures. For instance, as it is
demonstrated for the layered structures with an atomic layer of
Ni at the interface one obtains a rather weak DMI. If the idea is to
slightly enhance DMI one can replace this layer with a Co layer.
Likewise, if the idea is to change the chirality index (sign) of DMI
one may use an Fe layer at the interface. In a similar way one can
take advantage of the number and sequence of the layers in or-
der to tune DMI. It is important to notice that there is no simple
strategy to control the magnitude and chirality of DMI. However,
if the idea is to design a certain type of topological spin texture,
one may use an inverse design strategy. For that one needs to
estimate the optimized material’s parameter. Once these param-
eters are estimated one can design the system by using the above
mentioned knowledge and tuning the atomistic DMI. Our work
demonstrates to which extent such a tuning of the atomistic DMI
is possible.
As the final remark, while our primary focus was to address

the atomistic DMI in Fe, Co, and Ni monolayers coupled to a Co
layer grown on top, in principle, the study of monolayer systems
does not necessarily require an additional atomic layer.[44,57–59] It
would certainly be very interesting to probe DMI in such sam-
ples. However, single atomic layers of ferromagnetic elements
grown on the Ir(001) surface (and many other surfaces) do not
exhibit a long-range ferromagnetic order at temperatures accessi-
ble using standard He-flow cryostats. In such cases, one needs to
either investigate the spin-integrated signal or perform spin anal-
ysis after the scattering event (a spin-polarized beam and a spin-
resolved detection). Such investigations are beyond the scope of
the present study.

4. Experimental Section
Sample Preparation: All the experiments were performed under ultra-

high vacuum conditions and at room temperature. First, the surface of
the Ir(001) substrate was cleaned using a procedure described in details
in refs. [24, 41, 50, 60–62]. Then, atomic layers of Fe, Co, and Ni were
grown by molecular beam epitaxy. Low-energy electron diffraction (LEED)
recorded on the grown layered ferromagnets showed mainly a (1 × 1) pat-
tern and a well-ordered face-centered tetragonal structure of themultilayer
structures.[63–65] In the first step, three different synthetic layered struc-
tures (mainly bilayers) were prepared and examined.

In order to unravel the impact of the number of 3d electrons on the DM
vectors, one atomic layer of Fe, Co, and Ni was first grown on the Ir(001)
surface. Since suchmonolayers did not exhibit a long-range ferromagnetic
order, they were coupled to an atomic layer of Co, grown on top. In this
way the whole system exhibits a ferromagnetic order. Probing the acoustic
magnon mode of the system provides an access to the magnetic inter-
actions in the interface magnetic monolayer.[35] The choice of Co as the

surface layer was based on the fact that it exhibits the highest excitation
cross-section of magnons. The magnetic state of the samples was probed
by means of the magneto-optical Kerr effect (MOKE) in the longitudinal
geometry. The magnetization of the samples was found to lie in the plane
for all layered structures. While the Co/Co and Co/Ni bilayers exhibit rect-
angular hysteresis loops at room temperature, the Co/Fe shows a S-shape
loop. In order to obtain a well-ordered magnetic state for this case and
avoid the effects associated with a possibly low Curie-temperature of this
system, an additional 0.4monolayer of Co was added to this structure. The
investigated system is, therefore, referred to as 1.4Co/Fe/Ir(001).

In order to investigate the impact of the number and the sequence of
the atomic layers on the DMI, in the next step, Co/Co/Fe and Co/Fe/Co
structures were also prepared and the results were compared to that of
the magnetic bilayers.

The structural, chemical, and morphological properties of 3d ferromag-
netic elements on both the reconstructed and unreconstructed Ir(001) sur-
face have been well investigated by means of IV analysis of low-energy
electron diffraction (LEED) and atomic resolved scanning tunneling mi-
croscopy (STM) (see refs. [53, 63–66]). In this study, a careful chemical
and morphological investigation of the samples was performed prior to
the spectroscopy experiments. The LEED patterns recorded on the bare
Ir(001) and after each atomic layer deposition showed rather sharp LEED
spots with no satellites, confirming an epitaxial growth of the films with
a rather low surface roughness. Examples of LEED patterns recorded
on some of the samples are presented in Figure S4a,b (Supporting
Information).

Moreover, the intensity profile of the elastic diffuse scattering (EDS)
was measured. Generally the EDS profile is strongly influenced by the
presence of defects and the surface roughness. Since in the experiments
an incident beam energy of only 10 eV was used, the intensity profile of
EDS shall reflect the surface quality. As an example, the EDS profile of the
Co/Ni/Ir(001) sample is provided in Figure S4c. The strong Q-dependent
of the EDS profile is a clear signature of a high surface quality, a low surface
roughness and relatively wide terraces. At Q = 0 (Γ̄–point) the intensity
was very high, so that it could not be measured in pulse-counting mode.
The intensity drops by an order of magnitude while changing Q from 0.05
to 0.15 Å−1, indicating a high sample quality.

Probing Magnon Energy Asymmetry: The magnons were probed
by means of spin-polarized high-resolution electron energy-loss spec-
troscopy (SPHREELS).[36,38,67] The SPHREEL spectra were recorded along
the main symmetry direction of Γ̄–X̄ of the surface Brillouin zone (SBZ).
All the spectra were recorded at themagnetic remanent state. The incident
electron energy was between 6 and 10 eV. The incident energy was chosen
such that the largest magnon excitation cross-section was observed. The
energy resolution was in the range of 12–20 meV. The momentum resolu-
tion in the experiments was as high as 0.025 Å−1. In the SPHREES spectra
electrons with their spin parallel to the sample magnetization are referred
to as minority electrons and those with spin polarization antiparallel to
the sample magnetization are referred to as majority electrons. The exper-
iments were performed using a highly spin-polarized beam with a polar-
ization of about 80%. In the SPHREELS experiments magnons are excited
by incidence of minority electrons, due to the conservation law of the total
angular momentum. This fact leads to the appearance of a peak in the mi-
nority spin spectra (I↓) and, consequently, a peak in the difference spectra,
defined as I↓ − I↑.

[68] Hence, the difference spectra include all the neces-
sary information on magnons, e.g., their excitation energy 𝜀(Q) and life-
time. The magnon energies were extracted by fitting the difference spectra
using a convolution of a Lorentzian and a Gaussian. The Lorentzian rep-
resents the actual magnon signal and the Gaussian shall represent the ex-
perimental resolution, which can be separately measured (see for example
refs. [28, 38, 40, 41, 59, 69]).

The quantity Δ𝜀(Q) is defined as 𝜀(Q) − 𝜀(−Q). The most straightfor-
ward way to measure this quantity is to record the spectra for Q and −Q
and, thereby, obtain 𝜀(Q) and 𝜀(−Q). The magnon wavevector is given by
Q = |Q⃗| = Q∥ = ki sin 𝜃 − kf sin(𝜃0 − 𝜃), where ki (kf) is the magnitude of
the wavevector of the incident (scattered) electrons, and 𝜃 (𝜃0) is the an-
gle between the incident beam and sample normal (the scattered beam).
In order to probe magnons with positive and negativeQ, one may change
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the incident and scattered angles. This may be achieved by rotating the
sample about its main axis, i.e., changing 𝜃 and keeping 𝜃0 fixed. Hence,
any uncertainty in the determination of angles can lead to an uncertainty
in Q and consequently in 𝜀(Q). In order to fully eliminate this, one way
would be to record the spectra at a fixed scattering geometry. Inverting the
sign ofQ can be accomplished by reversing the sample magnetization (an
extended discussion may be found in ref. [27, 70]). Due to the fact that re-
versing the direction of themagnetization is equivalent to a time-inversion
experiment, it is also equivalent to inverting the sign of Q (see also the
data presented in Figure 2). In order to ensure that this is practically true,
both type of measurements were performed. As it can be concluded from
the data presented in Figure 2 the possible errors cased by the scattering
geometry on Δ𝜀(Q) are fairly small and negligible. This is due to the fact
that the error in the scattering angles is very small (leading to a high mo-
mentum resolution). For the data presented in Figure 3, the measurement
protocol in which the opposite sign ofQ is achieved by reversing the sam-
ple magnetization was used. This means that in this set of data, the errors
associated with the scattering geometry are entirely eliminated.

Ab initio Density Functional Theory Calculations of Dijs: Ab initio
density-functional theory based calculations were performed for all the
experimentally investigated layered structures. The first-principles calcu-
lations are based on the fully relativistic Korringa-Kohn-Rostoker elec-
tronic structure method.[71] The self-consistent calculations of the elec-
tronic structure were performed within the framework of a local density
approximation of the density functional theory with the parametrization
due to Vosko, Wilk and Nusair.[72] All the technical details of the scheme
used to compute the symmetric and antisymmetric magnetic exchange
interaction within the framework of the magnetic force theorem[73] are
given in ref. [74]. A slab composed of eight atomic layers of Ir, ordered
in fcc(001), followed by the 3d magnetic monolayers with another eight
layers of vacuum on top of the magnetic layers, was embedded between
the semi-infinite Ir substrate and semi-infinite vacuum region. The cut-off
lmax = 3 was used for angular momentum expansion of the Green func-
tion, and the integration over 2D Brillouin zone was done using a k-mesh
with 80 × 80 grid points in the 2D-BZ. In order to fully account for the
geometrical structure the experimental interatomic distances were used
as the input for the first-principles calculations.[41,61–63,69] The in-plane in-
teratomic distances were assumed to be the same as that of the Ir sub-
strate. The values of Ir–Fe = Ir–Co = Ir–Ni = 1.75 Å and Co–Co = Co–
Fe = Ni–Co = 1.6 Å were used for the interlayer distances. The ab initio
calculations provide all the necessary magnetic parameters of the inves-
tigated systems, in particular the atomistic DM vectors D⃗ij. Those values
are shown in Figure 4 and 6. The values of spin and orbital angular mo-
mentumwere 𝜇Co

S = 1.85, 𝜇Co
L = 0.135, 𝜇Ni

S = 0.34 and 𝜇Ni
L = 0.032, in the

case of Co/Ni bilayer, 𝜇Co
S = 1.64, 𝜇Co

L = 0.1, 𝜇Fe
S = 2.17 and 𝜇Fe

L = 0.065,
in the case of Co/Fe bilayer, and 𝜇Co2

S = 1.77, 𝜇Co2
L = 0.1, 𝜇Co1

S = 1.58,
𝜇Co1
L = 0.066, 𝜇Fe

S = 2.3 and 𝜇Fe
L = 0.074 in the case of Co2/Co1/Fe trilayer.

All values are given in Bohr magneton μB. The calculations also predict an
in-plane magnetic anisotropy for all the studied structures. For instance,
magnetic anisotropy energies of −0.69 and −1.77, and −0.77 meV were
obtained for the Co/Ni/Ir(001), Co/Co/Fe/Ir(001) and Co/Fe/Co/Ir(001)
multilayer structures, respectively. The negative sign denotes an in-plane
easy axis, in full agreement with the MOKE analysis.

Magnon Energy Asymmetry: In the experiment the magnon energy
asymmetry Δ𝜀(Q) was measured. In order to have a quantitative analy-
sis, this quantity was calculated using the values of D⃗ijs obtained from the
first-principles calculations and the results were compared to those of the
experiment (see for example Figure 3). Within a simple spin Hamiltonian
model, Δ𝜀(Q) is given by.[24]

Δ𝜀(Q⃗) =
∑
𝛼

D⃗𝛼 ⋅ ⃗̂e
∑
𝛽

sin
(
Q⃗ ⋅ R⃗𝛽

)
(1)

where the unit vector ⃗̂e represents the direction of the static magnetiza-
tion, D⃗𝛼 represents the DM vector of the 𝛼’s neighbor, R⃗𝛽s represent the
position vectors of all spins which are regarded as the 𝛼’s neighbor (or

shell). The first summation is over the number of neighbors and can be
expanded over many different neighbors. The second summation is over
the number of sites which belong to the same type of neighbor or shell.

Statistical Analysis: As described above, the magnon energies were ex-
tracted from the experimental difference spectra (I↓ − I↑, see for example
Figure 2) by fitting them using a convolution of a Lorentzian and a Gaus-
sian. The error bars in the magnons’ energy are, therefore, given by the
statistical and systematic uncertainties. They are given by the goodness of
the fits and the deviations between the results of measurements repeated
at a certain wavevector. The systematic error bars of 𝜀(Q) were estimated
by the uncertainty in the magnon momentum, i.e., the momentum reso-
lution. In the experiment the momentum resolution was ΔQ = 0.025 Å−1.
This leads to a systematic error of a certain magnon with the energy of
𝜀(Q0) and the wavevectorQ0 being

𝜕𝜀(Q)
𝜕Q

|Q=Q0
ΔQ, where 𝜕𝜀(Q)

𝜕Q
|Q=Q0

rep-

resents the slope of the magnon dispersion relation at Q0 and 𝜀(Q0). In
order to eliminate such errors associated with the scattering geometry, for
probing magnons with the opposite Q the sample magnetization to the
opposite direction, keeping the scattering geometry unchanged.

The error bars in Figure 3 represent the uncertainties in the determi-
nation of Δ𝜀(Q). They include errors in the determination of the magnon
energies for each magnetization direction. Slightly different magnon ener-
gies were obtained when using different fitting protocols to evaluate the
experimental data. In other words the error bars represent the uncertainty
in the upper limit of the absolute values of Δ𝜀(Q). They are, in fact, largely
overestimated. The intention was to show the data as they were evalu-
ated. Hence, no additional statistical corrections of the error bars were
performed. Since each data point was measured two or three times, the
standard errors should, in principle, be by a factor of

√
2 or

√
3 smaller

than the error bars shown in Figure 3. The density of the data points mea-
sured on several samples clearly shows the experimental trend, justifying
the main message of the manuscript.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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