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Domain walls and Dzyaloshinskii-Moriya interaction in epitaxial Co/Ir(111) and Pt/Co/Ir(111)
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We use spin-polarized scanning tunneling microscopy and density functional theory (DFT) to study domain
walls (DWs) and the Dzyaloshinskii-Moriya interaction (DMI) in epitaxial films of Co/Ir(111) and Pt/Co/Ir(111).
Our measurements reveal DWs with fixed rotational sense for one monolayer of Co on Ir, with a wall width
around 2.7 nm. With Pt islands on top, we observe that the DWs occur mostly in the uncovered Co/Ir areas,
suggesting that the wall energy density is higher in Pt/Co/Ir(111). From DFT we find an interfacial DMI that
stabilizes Néel-type DWs with clockwise rotational sense. The calculated DW widths are in good agreement
with the experimental observations. The calculated total DMI nearly doubles from Co/Ir(111) to Pt/Co/Ir(111);
however, in the latter case the DMI is almost entirely due to the Pt with only a minor Ir contribution. Therefore a
simple additive effect, in which both interfaces contribute significantly to the total DMI, is not observed for one
atomic Co layer sandwiched between Ir and Pt.
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I. INTRODUCTION

In the field of spintronics, localized noncollinear magnetic
structures such as domain walls (DWs) and skyrmions are
promising candidates for innovative technological applications
[1,2]. A key aspect in this field of research is the right choice of
materials which can form such magnetic structures. Recently,
cobalt-based multilayer systems have received significant at-
tention due to the observation of magnetic skyrmions at room
temperature [3–6]. The stabilization of these noncollinear mag-
netic states requires the competition of different interactions
[3–9]. In particular, the interfacial Dzyaloshinskii-Moriya in-
teraction (DMI) [10–13] favors magnetic structures with fixed
rotational sense, such as Néel-type DWs [14,15] and skyrmions
[7–9,16]. It occurs in systems with large spin-orbit coupling
(SOC) and broken inversion symmetry, e.g., at the interfaces
of cobalt and heavy materials possessing large SOC, such as
iridium or platinum [17]. The DMI is extremely sensitive to
the interface quality [18]. Sputtered films on amorphous or
polycrystalline substrates, such as those studied in Refs. [3–5],
are not well suited for a microscopic understanding of the
details of the DMI since the interface roughness of such films is
difficult to characterize experimentally and hard to include in
first-principles calculations. Ab initio methods such as density
functional theory (DFT) are crucial for an understanding of the
DMI in multilayered systems [19], where multiple interfaces
contribute to the total DMI and the effects of each one are hard
to disentangle experimentally.

Epitaxially grown ultrathin films on single-crystal sub-
strates are best suited for a detailed study of interface DMI.
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These model-type systems can also be compared to first-
principles calculations, enabling a disentanglement of the
relevant interactions involved in the formation of magnetic
states. Previous works have reported opposite signs of DMI
at the Co/Ir and Co/Pt interfaces [20–22] and predicted an
enhancement of the total DMI when the Co is sandwiched
between the two heavy metals in a multilayer configuration,
an effect often referred to as additive DMI [3,23]. This effect
is not always observed in experiments with epitaxial films, as
shown in Ref. [24] for Co/Ir/Ni multilayers. This suggests that
the proposed mechanism of additive DMI still requires a deeper
understanding. Magnetic DWs have been used in different
materials to determine the sign of the interfacial DMI [24–27].
For DWs with a width in the single-digit nanometer range,
spin-polarized scanning tunneling microscopy (SP-STM) has
the necessary spatial resolution to image them. A previous SP-
STM study on Co/Ir(111) showed that isolated Co monolayer
(ML) islands on Ir are ferromagnetic in the out-of-plane
direction, with large coercive fields Hc [28]. Such islands grow
pseudomorphically on the Ir substrate, making Co/Ir(111) an
optimal model system to study the properties of the interfacial
DMI both experimentally and theoretically.

Here, we study pseudomorphic films of a Co ML and an
atomic bilayer (BL) of Pt/Co on an Ir(111) surface. Using SP-
STM we observe that the films exhibit out-of-plane magnetic
domains, separated by nanometer-wide DWs. The DW widths
are in very good agreement with those calculated from DFT
parameters. We demonstrate experimentally that the DWs have
a unique rotational sense. DFT calculations reveal that the
DMI is almost twice as large in Pt/Co/Ir(111) as in Co/Ir(111).
Surprisingly, the DMI in Pt/Co/Ir(111) is dominated by Pt,
while the Ir contribution is nearly quenched compared to
the bare Co/Ir(111) system. Thus an additive DMI effect as
suggested in Ref. [3], where both interfaces have a significant
contribution to the total DMI, is not observed in this case since
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TABLE I. Energy difference �E (meV/Co atom) between fcc
and hcp stackings of the Pt top layer and interlayer distances dij (Å)
after the structural relaxation of the film systems for the topmost
layers. Note that for Co/Ir(111) the third and fourth layers are kept
fixed and d34 = d45 = dbulk [for Pt/Co/Ir(111) d45 = dbulk]. Layers
without a subscript have fcc stacking.

System �E d12 d23 d34 d45 dbulk

Co/Ir(111) 2.23 2.31 2.21
Pt/Co/Ir(111) 0 2.16 2.10 2.30 2.21
Pthcp/Co/Ir(111) +21.0 2.16 2.10 2.31 2.21
Pt/Co/Co/Ir(111) 2.17 1.93 2.14 2.30 2.21
Pt/Pt/Co/Ir(111) 2.51 2.14 2.11 2.30 2.21

most of the DMI comes from only one interface. For a sandwich
structure with a Co double layer, on the other hand, the DMI
further increases, and both Pt and Ir contribute significantly,
suggesting that in thicker multilayers the DMI indeed becomes
larger because of an additive effect.

II. METHODS

A. Experimental details

The measurements were performed in ultrahigh vacuum
(UHV) conditions using two low-temperature STM setups with
base temperatures of 8 K [29] and 4.7 K [30]. To obtain spin
resolution we use Cr bulk tips which have been prepared by
chemical etching. The Ir(111) single crystals are prepared by
cycles of Ar-ion sputtering at 800 eV, followed by annealing
at temperatures of 1300 ◦C. The Co is then deposited onto
the clean substrate held at temperatures around 100 ◦C, with
deposition rates between 0.15 and 0.25 atomic layers per
minute. The Pt is deposited on top of the Co with the substrate
at room temperature.

B. Computational details

We used the full-potential linearized augmented plane wave
method [31,32] in film geometry [33] as implemented in
the FLEUR code [34]. For all our calculations, we chose the
equilibrium lattice parameters of bulk Ir, i.e., 7.22 a.u., relaxed
within the local-density approximation (LDA) [35]. Muffin-tin
radii of 2.31 a.u. are chosen for Ir and Pt, and 2.26 a.u. is applied
for Co. The energy cutoff for the basis functions was set to
kmax = 4.0 a.u.−1.

The structural relaxation was performed in the ferromag-
netic (FM) state with a symmetric film consisting of five layers
of Ir with a Co ML or a Pt/Co BL on both sides using the
generalized gradient approximation ([36]) of the exchange-
correlation (xc) functional. We minimized the forces between
the uppermost layers in the [111] direction until they were
smaller than 10−5 hartrees/a.u. while three layers of Ir were
kept fixed. For Co/Ir(111) [Pt/Co/Ir(111), Pt/Co/Co/Ir(111),
Pt/Pt/Co/Ir(111)] 110 (240) k points in the irreducible wedge
of the Brillouin zone (BZ) were used. If not specified explicitly,
all considered layers are in fcc stacking. The equilibrium
interlayer distances for the different systems are presented in
Table I. For Pt/Co/Ir(111) the energy difference is shown for
the two stackings of Pt (fcc and hcp). Since Ptfcc/Co/Ir(111) is
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FIG. 1. (a) Perspective view of the topography of about 1.2 atomic
layers of Co on Ir(111) (200 × 180 nm2), colorized with the simulta-
neously measured spin-resolved dI/dU signal. The arrows indicate
two oppositely magnetized domains of the out-of-plane ferromagnetic
Co ML stripes. The colored dots identify the different areas of Ir and
Co ML and double layer (DL). (b) Closer view of a single DW. The
signal inside the blue box is averaged in the short direction and then
plotted against the long direction in (c). The red line is a fit of Eq. (1) to
the data points, in arbitrary units. In (a) U = −580 mV, I = 500 pA,
T = 8 K; in (b) U = −450 mV, I = 500 pA, T = 8 K.

favorable by about 21 meV/Co atom, we restrict ourselves to
the fcc stacking of Pt.

We calculated the energy dispersion E(q) of homogeneous,
flat spin spirals [37,38] along the high-symmetry directions,
Γ -M and Γ -K , of the two-dimensional BZ. Spin spirals are
characterized by the vector q, which determines the propaga-
tion direction and the angle between two adjacent magnetic
moments. In general, the magnetic moment of atom i is de-
scribed by Mi = M[cos(q · Ri) sin θ, sin(q · Ri) sin θ, cos θ ],
where Ri is the position of atom i. In our case of flat spin
spirals, we consider θ = 90◦. Without SOC, the generalized
Bloch theorem is used to self-consistently calculate the spin
spiral states in the chemical unit cell [37,39].

We use asymmetric films with a substrate of nine layers and
the Co ML (Pt/Co BL) on one side. The distances between the
topmost layers are set according to the structural relaxations
from Table I. The vector q is chosen along the high-symmetry
lines of the two-dimensional BZ. High-symmetry points are
related to specific magnetic states: Γ , the ferromagnetic (FM)
state, M , the row-wise antiferromagnetic (AFM) state, and K ,
the Néel state.

For the calculation of the spin spiral states, we use a dense
k-point mesh of 44 × 44 k points in the full BZ. Our energy
cutoff is set to kmax = 4.0 a.u.−1, and we applied the LDA [35]
of the xc potential. The energy contribution due to SOC �ESOC

was calculated in first-order perturbation theory for every q
point [38,40,41]. To evaluate the strength of the Heisenberg
exchange and the DMI, we restrict ourselves to the region
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FIG. 2. (a) Perspective view of the topography of about 1.2 atomic
layers of Co on Ir(111) (280 × 210 nm2) colorized with the simulta-
neously measured spin-resolved dI/dU signal. The tip has a canted
magnetization; that is, it is sensitive to both in-plane and out-of-plane
magnetization components. The arrows indicate the position of the
DWs and are colorized according to the dI/dU contrast of the walls.
Neighboring walls in a stripe always show an alternating contrast.
The colored dots identify the different areas of Co ML and DL. (b)
Schematics of spin-resolved dI/dU contrast across two consecutive
DWs with a tip that has canted magnetization. In (a) U = −450 mV,
I = 500 pA, T = 8 K.

around the Γ point and use an effective nearest-neighbor
approximation for both interactions, which are expressed by
the parameters J and D, respectively. We have also performed
a fitting of the spin spiral energy dispersions with exchange
constants and DMI beyond nearest neighbors. Using these
parameters within atomistic spin dynamics simulations leads to
DW widths and energies which are not significantly different
from those obtained based on the effective nearest-neighbor
approximation. This approximation is therefore sufficient to
describe accurately the DW properties in this system.

The magnetocrystalline anisotropy energy (MAE) was de-
termined by calculating the energy difference K between the
FM state with a magnetization direction pointing perpendicular
to the film plane E⊥ and the FM state with a magnetization
in the film plane E||. We self-consistently calculated the FM
state in scalar-relativistic approximation and applied the force
theorem [42,43] for calculations with SOC.

III. RESULTS

A. Experimental results

A typical sample of Co grown on the Ir(111) substrate
is shown in Fig. 1(a), in which the topography is colorized
with the measured spin-polarized differential tunneling con-
ductance (dI/dU ), obtained using a magnetic tip sensitive
to the out-of-plane component of the sample magnetization.
Despite the 8% lattice mismatch, the Co ML mainly grows
pseudomorphically with occasional dislocation lines to reduce
the strain. Due to the smooth step flow growth we assume that

(a) (b)

(c) (d)

Pt/Co/Ir(111)Co/Ir(111)

50 nm

50 nm

DW position

FIG. 3. (a) and (c) Constant-current topography maps of
Pt/Co/Ir(111) in the as-grown case and after postannealing, respec-
tively. The differentiated topography signal is superimposed on the
maps to enhance the visibility of the topographic details. (b) and (d)
Corresponding dI/dU maps measured with out-of-plane magnetic
sensitivity. The blue lines trace the position of the DWs, which
avoid Pt/Co when possible. The thickness of the lines accounts for
the uncertainty of the exact position of the wall. In (a) and (b)
U = −450 mV, I = 1 nA, T = 8 K; in (c) and (d) U = −550 mV,
I = 1 nA, T = 8 K.

the Co is fcc stacked. The two levels of contrast on the Co
indicate areas with a magnetization pointing in opposite out-
of-plane directions [28] [see sketched arrows in Fig. 1(a)].

Figure 1(b) shows the dI/dU map of a Co ML stripe
with a DW that separates oppositely magnetized out-of-plane
domains. The dI/dU signal within the blue rectangle is plotted
in Fig. 1(c) as a function of the position across the wall. The
DW profile is fitted according to

y = y0 + ysptanh

(
x − x0

w/2

)
, (1)

where y0 and ysp are the spin-averaged and spin-polarized
contributions to the dI/dU signals, respectively, x0 is the
center of the DW, and w is the wall width. We fitted eight
walls from different samples, obtaining an average of w =
(2.7 ± 0.3) nm, where the uncertainty represents the standard
deviation of the values.

Whereas in Fig. 1(a) the tip is dominantly sensitive to the
out-of-plane magnetization of the domains, Fig. 2(a) shows a
measurement where the magnetic DWs also have a contribution
to the spin-resolved signal; that is, the tip magnetization is
canted in this case. With such a tip the DWs appear as bright or
dark stripes depending on the magnetization direction within
the walls. We find a correlation of the magnetization within
a wall with the order of the out-of-plane orientation of the
domains it separates, as indicated by the differently colored
arrows in Fig. 2(a). This strict sequence of spin-resolved
dI/dU contrasts demonstrates that the DWs in the Co ML
on Ir(111) have a unique rotational sense, as sketched in
Fig. 2(b). This is confirmed by investigating 13 independent
DWs with the same magnetic tip (not shown). We conclude
that the interfacial DMI is large enough to select a unique
rotational sense and propose that it also induces Néel-type
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TABLE II. Calculated values for the effective nearest-neighbor
exchange interaction J (meV), Dzyaloshinskii-Moriya interaction D

(meV), magnetocrystalline anisotropy energy K (meV), calculated
energy difference [14] �EDW−FM = 4

a

√
2|JK| − 2

a
π

√
3|D| between

a DW and the FM state (meV/nm), and calculated DW width w =
2a

√
3J

2|K| , with a being the lattice constant of the (111) plane of the

substrate, compared to the experimental DW width wexp (nm). D < 0
represents clockwise rotation, and K < 0 represents an out-of-plane
easy magnetization axis. All magnetic interactions are given per Co
atom.

System J D K �EDW−FM w wexp

Co/Ir(111) +17.6 −0.54 −0.73 +53.3 3.2 2.7 ± 0.3
Pt/Co/Ir(111) +18.0 −1.12 −1.00 +43.8 2.8 2.7,3.6
Pt/Pt/Co/Ir(111) +22.5 −1.33 −0.83 +36.9 3.4
Pt/Co/Co/Ir(111) +20.0 −0.80 −0.09 −4.1 9.9

DWs according to the symmetry selection rules [14,15,44]. An
attempt to measure the absolute rotational sense of the DWs is
presented in Appendix A.

To investigate the effect on the DWs when the Co is
sandwiched between Pt and Ir, we performed additional mea-
surements on Pt ML islands on top of an almost complete
ML of Co on Ir(111). Figure 3(a) shows pseudomorphic Pt
islands with irregular shapes grown with the Co/Ir(111) held
at room temperature. The spin-resolved dI/dU contrast of the
Pt islands in Fig. 3(b) is strongly correlated with that of the
surrounding Co ML, and we conclude that the Co induces a
magnetic polarization in the Pt and that the Pt/Co BL is also out
of plane ferromagnetic. A closer look at the data in Fig. 3(b)
reveals two slightly different dI/dU contrast levels for each

magnetization direction, originating from islands grown in the
two different stackings.

In order to obtain more extended films of Pt, we postan-
nealed such samples at moderate temperature (T � 500 ◦C)
after the Pt deposition. This results in a mostly fcc stacked Pt
layer attached to the step edges, as shown in Fig. 3(c). The Pt
layer still shows out-of-plane magnetization, induced by the
Co ML [see Fig. 3(d)]. We can exclude the possibility of a
significant degree of intermixing between Co and Pt since the
electronic properties of each of the different materials, i.e., the
dI/dU spectra of the Co ML and the Pt/Co BL, are found to be
very similar in all samples. The blue lines in Figs. 3(a) and 3(c)
mark the DWs, and the linewidth represents the uncertainty of
their position. A close analysis demonstrates that the DWs tend
to avoid the Pt/Co layer if possible, increasing their length in
order to remain on the bare Co. This suggests a higher DW
energy density in the Pt/Co BL compared to that of the Co ML
on Ir(111). The DWs in the Pt/Co layer have the tendency to
sit in very small constrictions. To minimize the effect of the
constriction size on the DW width [45], we have selected walls
occurring in areas at least twice as large as w, obtaining the
values of 2.7 and 3.6 nm, similar to the ones in Co/Ir(111).

B. First-principles calculations

Figures 4(a) and 4(b) show the calculated energy dispersion
for Co/Ir(111) in the Γ -K and Γ -M directions, respectively.
The FM state is the lowest in energy, and the nearest-neighbor
exchange interaction J (Table II) describes very well the en-
ergy dispersion. �ESOC(q) is small compared to the variation
of the exchange E(q) (see D in Table II). The interfacial
DMI results from the sum of the individual contributions from
the different layers [see Figs. 4(c) and 4(d)], and it prefers

FIG. 4. (a) and (b) Calculated energy dispersion E(q) of flat, cycloidal spin spirals for Co/Ir(111) without (gray dots) and with (red dots)
spin-orbit interaction for left- and right-rotating spin spiral states in the Γ -K and Γ -M directions, respectively. The gray line is a fit of the
dispersion to the Heisenberg model; the red line is a fit including the DMI and the magnetocrystalline anisotropy. (e) and (f) The same as (a)
and (b), but for Pt/Co/Ir(111); (i) and (j) the same as (a) and (b), but for Pt/Co/Co/Ir(111). (c), (d), (g), (h), (k), and (l) Element-resolved energy
contribution for Co/Ir(111), Pt/Co/Ir(111), and Pt/Co/Co/Ir(111) to the DMI �EDMI(q). Note that the total DMI is the sum of all contributions
and that all energies are given per unit cell [i.e., two magnetic atoms for Pt/Co/Co/Ir(111)]. The black curve is the fit of the DMI. All fits are
made within an effective nearest-neighbor approximation.
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FIG. 5. Spin dynamics simulation with open-boundary conditions
of two Néel DWs with opposite rotational sense; see side view
sketches at the top of each panel. (a) and (b) DWs in zero field. (c) and
(d) When an in-plane field By of 0.85 T is applied, the two walls tilt in
opposite directions with an angle of about ±7◦ to partially maintain
their cycloidal configuration. The simulation is done with 150 × 50
spins and the exchange, DMI, and MAE values of Table II.

clockwise-rotating spin spirals (D < 0). The Ir surface domi-
nates the total DMI; however, Co has a significant contribution
of opposite sign, which we attribute to its small coordination
number [41]. The MAE prefers an out-of-plane magnetization
(Keff = −0.7 meV; see Table II) that favors collinear states
over spin spirals.

An atomic Pt overlayer does not modify the exchange
interaction significantly with respect to Co/Ir(111) [see
Figs. 4(e) and 4(f) and Table II]. In contrast, the MAE increases
by about 50%, and the total DMI is more than two times larger.
However, Figs. 4(g) and 4(h) show that such an increase in DMI
is mostly due to the contribution from the Pt overlayer. The Ir
substrate, on the other hand, has a minor contribution which
is nearly quenched compared to its value in Co/Ir(111) [see
Fig. 4(c)].

Adding another Pt adlayer does not change significantly
the total DMI or the contributions from the two interfaces
(see Appendix B). We conclude that the hybridization of the
Co layer with both Ir and Pt has a decisive impact on the
resulting DMI. A simple additive effect as suggested in Ref. [3],
where the Pt/Co and Co/Ir interfaces contribute with a similar
DMI strength in a Pt/Co/Ir multilayer, does not apply for one
atomic Co layer. In order to gain further insight into this effect,
we have performed calculations with an additional Co layer,
i.e., Pt/Co/Co/Ir(111) [see Figs. 4(i)–4(l)]. While the exchange
rises by about 10% per Co atom, the MAE is reduced by a factor
of 10 compared to Pt/Co/Ir(111) (see Table II). The total DMI
increases compared to the Pt/Co/Ir(111) system because of an
enhanced Ir contribution, whereas the Pt contribution is similar
to the one in Pt/Co/Ir(111). Thus for a Co double layer both the
Pt/Co and Co/Ir interfaces, which are farther apart from each
other, contribute significantly to the total DMI, supporting the
interpretation of Ref. [3] of an additive DMI effect for this
particular case. Note that the value of D given in Table II
for Pt/Co/Co/Ir(111) is still smaller than for Pt/Co/Ir(111)
since it is given per Co atom. The DW width and energy
obtained with the DFT values of exchange, DMI, and MAE
are given in Table II. The DW widths obtained for Co/Ir(111)

Scan direction Scan direction

Scan direction Scan direction

(a) (b)

(c)(d)

B = +850 mTy

B = +550 mTz

10 nm B = 0 Ty

10 nm

10 nm

40 nm

B = 0 Tz

40 nm

FIG. 6. (a)–(d) Spin-resolved dI/dU maps of Co ML islands with out-of-plane magnetic sensitivity. (a) The DW occurs at the coalescence
point of two Co islands. The dotted blue rectangle indicates the area imaged in (b) and (c) in zero field and with an in-plane field in the y

direction, respectively. The direction of the magnetic field is indicated by the blue arrow. The dashed lines mark the position of the wall in the
forward (left) and backward (right) scans at zero field. In both cases the wall tilts in an in-plane field with respect to these lines. The yellow
circle indicates an impurity in the Co, possibly acting as a pinning center for the wall. (d) Same area as in (a), imaged while applying an
upward-pointing out-of-plane magnetic field. The expanding bright domain indicates that it points along the field direction. In all measurements
U = −450 mV, I = 350 pA, T = 4.7 K.
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FIG. 7. (a) and (b) Calculated energy dispersion E(q) of flat,
cycloidal spin spirals for Pt/Pt/Co/Ir(111) without (gray dots) and
with (red dots) spin-orbit interaction for left- and rightrotating spin
spiral states in the Γ -K and Γ -M directions, respectively. The gray
line is a fit of the dispersion to the Heisenberg model; the red line is a
fit including the DMI and the magnetocrystalline anisotropy. (c) and
(d) Element-resolved energy contribution for Pt/Pt/Co/Ir(111) due to
Dzyaloshinskii-Moriya interaction �EDMI(q). Note that the total DMI
is the sum of all contributions. The black curve is the fit of the DMI.
All fits are made within the nearest-neighbor approximation.

and Pt/Co/Ir(111) are in good agreement with the experimental
values. Consistent with the spin spiral energy dispersions and
the experimental observations, DWs are energetically unfavor-
able (�EDW−FM > 0) for Co/Ir(111) and Pt/Co/Ir(111). The
smaller DW energy in Pt/Co/Ir(111) seems to disagree with the
experimental observation of DWs being more likely to occur
on the Co ML. However, the difference between the two DW
energies is small with respect to the accuracy of the parameters.
An error of only 0.1 meV in the value of either K or D can lead
to �EDW−FM values which are energetically degenerate. Due to
the high sensitivity of �EDW−FM to the magnetic parameters, it
is not possible to predict where the DWs will occur more often.

IV. CONCLUSION

We have combined SP-STM measurements and DFT cal-
culations to investigate DWs and interfacial DMI in pseudo-
morphic Co/Ir(111) and Pt/Co/Ir(111) ultrathin films. We ob-
served DMI-stabilized Néel walls with a fixed rotational sense,
separating out-of-plane magnetic domains. Our calculations
showed a clockwise sense of magnetization rotation across the
walls, in agreement with what has been observed in Ref. [22].
The calculated DMI increases by more than a factor of 2 in
the sandwich structure. However, this increase is dominated
by Pt with a negligible Ir contribution. For a Co double layer
between Pt and Ir, on the other hand, both interfaces contribute

significantly to the total DMI. This highlights the importance of
interlayer hybridization and Co film thickness in determining
the total value of the DMI in magnetic multilayers.
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APPENDIX A: DETERMINATION OF THE ABSOLUTE
DOMAIN WALL ROTATIONAL SENSE USING DOMAIN

WALL TILTING

In ultrathin magnetic films a sufficiently large DMI can
stabilize Néel-type noncollinear structures, such as the DWs
observed in Figs. 1 and 2. The spins in such walls are in
a cycloidal configuration, where their plane of rotation is
perpendicular to the wall itself. The absolute rotational sense
of a Néel DW can be determined by observing its changes
upon the application of an in-plane magnetic field along the
wall [46]. To illustrate this, we have performed spin dynamics
simulations of two DWs with opposite rotational sense in
in-plane magnetic fields.

We consider the following Hamiltonian:

H = −J
∑
<ij>

(mi · mj) − D
∑
<ij>

(mi × mj)

+K
∑

i

(
mz

i

)2 −
∑

i

μSB · mi, (A1)

where mi = Mi
Mi

is the unit vector of the magnetic moment at
atom site i. We consider the exchange interaction and the DMI
as acting only between nearest neighbors, with strength J and
D, respectively. K represents the uniaxial magnetocrystalline
anisotropy, and the last term accounts for the Zeeman energy
due to an external magnetic field B. The values of J , |D|, and
K are the ones calculated by DFT and shown in Table I in the
main text for the Co/Ir(111) case. We use a magnetic moment
of μS = 2.2 μB per atom, which is the sum of the calculated
moment of the Co atoms (1.9 μB) and the induced moment of
the interface Ir atoms (0.3 μB). We solve the Landau-Lifshitz-
Gilbert equation [47,48] using a semi-implicit method [49]
for DWs stabilized by opposite directions of D. Figures 5(a)
and 5(b) show the equilibrium configurations without magnetic
field; Figs. 5(c) and 5(d) show those upon application of a
magnetic field in the in-plane (here, y) direction. The field
tilts the spins of the wall toward the field direction, but since
the Néel configuration is favored by the DMI, the DW also
tilts to partially recover the cycloidal state. For a clockwise
(counterclockwise) rotation preferred by the DMI, the wall tilts
in the positive (negative) direction according to our notation.

Thus we can experimentally determine the rotational
sense of the DWs on Co/Ir(111) from the direction of the
DW tilting in an in-plane magnetic field. We select a DW
[see Fig. 6(a)] and image it in the absence of a magnetic field
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to determine its position [see Fig. 6(b)]. The DW is in slightly
different positions when scanning in the forward and backward
directions, indicated by the dashed lines in Fig. 6(b). Such
a difference can occur when the tip has a small residual stray
field. This may drag the wall back and forth during scanning.
We then apply the magnetic field along the y direction, as
indicated by the blue arrow in Fig. 6(c), and observe a tilting
in both forward and backward scans. From the direction of the
tilting we deduce the direction of the in-plane magnetization of
the wall to be pointing to the right. To determine the absolute
rotational sense, it is necessary to assign the out-of-plane
magnetization directions of the adjacent domains. This is done
by applying a magnetic field in the out-of-plane direction.

This is visible in Fig. 6(d), where the bright domain,
indicated by the black arrow, has expanded, while the dark one
has shrunk. The bright (dark) areas in the Co correspond then
to the domains pointing upward (downward), and therefore the
magnetization across the wall rotates clockwise, as in Figs. 5(a)
and 5(c) and in agreement with DFT calculations presented
in the main text. The observed tilting angle is larger than
the one expected from Fig. 5, possibly because the wall is
attracted to an impurity [see yellow circles in Figs. 6(b) and
6(c)] which acts as a pinning center, although the DW still

tilts in the direction favored by the DMI. In the absence of
impurities and with a noninteracting tip, this method allows us
to quantify the strength of the DMI in the system. This can be
done by measuring the tilting angle as a function of the applied
in-plane magnetic field and then finding the correct value of D

to reproduce such tilting in a spin dynamics simulation based
on reasonable assumptions for J and K .

APPENDIX B: SPIN SPIRAL ENERGY DISPERSION OF
PT/PT/CO/IR(111)

We have also performed calculations for a double layer of
fcc Pt on Co/Ir(111), i.e., Pt/Pt/Co/Ir(111). The parameters for
the structural relaxation can be found in Table I, and the spin
spiral calculations, which are performed in the same way as the
ones in the main text, are presented in Fig. 7. Adding a second
layer of Pt to Pt/Co/Ir(111) gives rise to a DMI strength similar
to that in Pt/Co/Ir(111) (see Fig. 4 of the main text), but the
total DMI [Figs. 7(c) and 7(d)] is mostly due to Pt, while Ir
has an even smaller contribution than in Pt/Co/Ir(111). The
negligible Ir contribution to the DMI, caused by the addition
of a Pt layer on top of the Co, is therefore not significantly
affected by the number of Pt top layers.
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