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Atomic-scale Dzyaloshinskii-Moriya-modified Yoshimori spirals
in Fe double layer on Ir(110)
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Ultrathin magnetic films on heavy metal substrates with strong spin-orbit coupling provide versa-
tile platforms for exploring novel spin textures. So far, structurally open fcc(110) substrates remain
largely terra incognita. Here, we stabilize a metastable, unreconstructed Ir(110)-(1 x 1) surface
supporting two layers of Fe. Combining spin-polarized scanning tunneling microscopy and ab initio
calculations, we reveal a right-handed Néel-type spin spiral along the [110] crystallographic direction
with a period of 1.27 nm as the magnetic ground state. Our analysis reveals this spiral is of the
Yoshimori type, i.e., driven by frustrated Heisenberg interactions, with the Dzyaloshinskii-Moriya
interaction determining its cycloidal nature and handedness.

Introduction:  Ultrathin magnetic films on heavy
transition-metal substrates with strong spin-orbit cou-
pling (SOC) have catalyzed breakthroughs in modern
condensed matter physics. Landmark studies have re-
vealed interface-induced Dzyaloshinskii-Moriya interac-
tions (DMI), first demonstrated in a monolayer (ML)
of Mn on W(110) [1], have enabled the first observa-
tion of atomic scale skyrmion lattices found in a sin-
gle ML of Fe/Ir(111) [2], and the first realization of
isolated atomic-scale skyrmions in a PdFe bilayer on
Ir(111) [3]. In general, one can say that these systems
provide a rich landscape for exploring complex, exotic
spin textures [4-10] with nonzero vector or scalar spin-
chiralities, topological phenomena, and their manipula-
tion [3, 11] driven by the interplay of reduced dimen-
sionality, surface orientation, stacking sequence, mag-
netic Heisenberg and beyond-Heisenberg exchange in-
teractions, and Dzyaloshinskii-Moriya interaction, due
to substantial spin-orbit effects in structure inversion-
asymmetric environments. Since these platforms are fre-
quently replicated as multilayers [12], they have not only
opened new avenues in the study of magnetism, but have
also enabled potential applications in spintronics and in-
formation technologies [13-16].

Among the ultrathin magnetic film systems, Fe/Ir oc-
cupies a distinctive role. It has revealed the crucial role
of interactions beyond the Heisenberg model, including
four-spin [2] and four-spin-three-site interactions, partic-
ularly in bilayer hep-Rh/Fe/Ir(111) [8] and isoelectronic
Rh(111) substrates [9]. These interactions give rise to
exotic spin configurations, such as a ground state square
skyrmion lattice or an antiferromagnetic (AFM) up-up-
down-down state. Besides studies on (111)-oriented in-
terfaces, (100)-oriented Ir interfaces have also been inves-
tigated. For instance, the occurrence of an atomic-scale
chiral spin spiral in finite individual bi-atomic Fe chains
on the (5 x 1)-Ir(001) surface [6] has been demonstrated,
showcasing the diversity of spin textures across differ-

ent orientations of Ir substrates. It can be summarized
that the magnetic structures of Fe on the different Ir
substrates can be understood by a competition of ferro-
magnetic (FM) Heisenberg exhange, beyond-Heisenberg
and Dzyaloshinskii-Moriya interaction.

Despite the impact of the Ir substrate to exciting spin
textures, studies focused on the specific Ir(110) substrate
are currently lacking. In general, fcc(110) surfaces are
of particular interest because their open structure facil-
itates functionalization and enables tuning of the elec-
tronic and magnetic properties in magnetic films. Owing
to their Cy, symmetry, fcc(110) surfaces can also develop
anisotropic interfacial DMI [17-19], which is essential for
stabilizing elliptical skyrmions or antiskyrmions [17]. To-
gether with the inherent anisotropic Heisenberg inter-
action, they may allow to minimize the skyrmion Hall
angle or support the coexistence of skyrmions and an-
tiskyrmions with equal energy, making them promising
candidates for racetrack memory devices [20-23].

Ezxperimental results: Despite the potential of fcc(110)
surfaces, their preparation is complicated by the complex
surface reconstructions observed in spin-orbit materials
such as Ir, Pt, and Au [24-29]. To overcome this chal-
lenge we prepared a metastable unreconstructed surface
of Ir. Cooling Ir(110) from 1200 K in oxygen prevents its
nanofacet-reconstruction [24, 25] through O-adsorption.
The adsorbed oxygen is subsequently titrated away with
H at 470 K. The resulting Ir(110)-(1 x 1) remains ther-
mally stable up to 520 K. The measurements were per-
formed in an ultrahigh vacuum scanning tunneling mi-
croscope (STM) operating at 4.2 K and equipped with a
vector magnetic field up to 9T (out of plane) and 2T
in any direction. Spin-polarized STM tips were prepared
by coating a W tip with Fe. For more details on exper-
imental methods and sample preparation, see Note 1 in
the Supplemental Material (SM) [30].

An STM topograph of Ir(110)-(1 x 1) after deposition
of 0.4 ML Fe is shown in Fig. 1(a). Fe deposition results
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FIG. 1. 2ML thick Fe islands on unreconstructed Ir(110)-
(1 x1). (a) Constant-current STM image taken with a non-
magnetic tip after deposition of 0.4 ML Fe on Ir(110)-(1 x 1).
Vo = 100mV, Ieet = 1nA, and image size 28 nm X 28 nm.
Inset: atomically resolved Ir(110)-(1 x 1). V4 = 50mV, Iset =
30nA, and image size 3nm x 3nm. (b) Zoomed area indicated
in (a) by white square. (c) Top view ball model of Ir(110)-
(1 x 1) with pseudomorphic Fe island on the right (Ir: grey,
Fe: orange). (d) STM height profile along red line in (b).

in the formation of Fe islands with a height of 2 ML [see
Fig. 1(b)-(d)] featuring lateral sizes on the order of 10 nm
along with smaller Fe islands. The densely packed atomic
rows of bare Ir(110)-(1 x 1) along [110] align with those
of the 2 ML Fe island [compare Fig. 1(b) and (c)], consis-
tent with pseudomorphic growth of the first two Fe lay-
ers. The apparent height of the Fe islands derived from
profiles such as in Fig. 1(d), is 0.26 nm, closely match-
ing expectations for pseudomorphic growth and slightly
below the 0.27 nm height observed for two Ir layers on
Ir(110).

Spin-polarized STM measurements were conducted
with a magnetically soft Fe-coated W tip (for details
see [30]). The tip magnetization, my;p, aligns to the di-
rection of an external magnetic field B, enables the de-
coding of the spin texture within the Fe film, as shown in
Fig. 2. The topograph of Fig. 2(a) with B and thus my;,
normal to the surface reveals a magnetic wave pattern in
the Fe film with wave vector along [110]. The differen-
tial conductance (dI/dV) map in Fig. 2(b), taken within
the black rectangle depicted in Fig. 2(a), displays the
same spin-dependent modulation pattern. The brighter
wave crests and darker valleys can be straightforwardly
interpreted to result from the Fe spin component par-
allel or antiparallel to the tip magnetization, according
to dI/dV « myg - my;, with mg being the local sam-
ple magnetization [36]. Additional information on bias-
dependent magnetic contrast is provided in Note 2 in the

SM [30]. The average wavelength A of the magnetic pat-
tern is A = 1.27 £ 0.02 nm, fairly independent of island
size or shape. With ay, = 0.2715nm being the atomic
spacing along the wave vector direction of the magnetic
pattern, the wavelength A = 4.69 a,,,, is incommensurate
with respect to the crystal lattice periodicity. Support
for the incommensurability of the magnetic pattern with
the atomic lattice is given by the spin- and atomically-
resolved inset of Fig. 2(a), as the spin contrast maxima
do not match to a specific position in the atomic lattice
defined by the bright protrusions.

To verify the stability of the magnetic pattern, we
ramped the out-of-plane field from 1T to 9T, as shown in
Fig. 3(a) and (b). The wave pattern period and intensity
remains unchanged up to 9 T, which is even more evi-
dent when examining the line profiles in Fig. 3(c). This
reveals that mg is unaffected by the field, characterizing
a hard magnetic sample texture.

To fully characterize the magnetic texture, we probe
other spin components by aligning the tip magnetiza-
tion direction (my;,) along the two orthogonal in-plane
directions of the sample using a triple-axes vector mag-
net [37]. Fig. 2(c)-(g) show dI/dV maps obtained with
B = 1T in the following directions: in-plane along the
[110]-direction in (c), along the [001]-direction in (d), out-
of-plane along the [110]-direction in (e), along the [110]-
direction in (f), and finally along the [001]-direction in
(g). The contrast inversion of (e) with respect to (b) —
easy to spot with the help of the vertical white line mark-
ing a defect, (bright bump, marked by white vertical line)
unaffected by the tip magnetization or external magnetic
field — confirms that my;, follows the direction of the ex-
ternal B. It is obvious from the dI/dV maps, that be-
sides spin components normal to the surface [Fig. 2(b)
and (e)], the texture displays also spin components par-
allel to the wave vector of the pattern [Fig. 2(c) and (f)],
but no in-plane spin components normal to the wave vec-
tor [Fig. 2(d) and (g)]. These spin components are consis-
tent with a flat Néel or cycloidal spiral, but inconsistent
with a Bloch spiral.

The handedness of the Néel spiral is evaluated ana-
lyzing dI/dV line profiles represented in Fig. 2(h). The
line profiles are averages along the lines in Fig. 2(b)-(d).
They are aligned with the help of the defect. Turning
the tip magnetization from normal [black curve, (b)] into
the surface along the wave vector of the magnetic pat-
tern [red curve (c¢)] leads to a shift of the wave pattern
by about 1\ into [110] as visible in Fig. 2(h), defining a
clockwise or right-handed rotation of the spin texture
(l] « 1t — |). Similar analyses for other islands un-
equivocally supports a unique rotational sense. To con-
clude, 2 ML Fe on Ir(110) displays a clockwise rotating
cycloidal or Néel-type spin spiral with a wavelength of
A = 4.69ay,,. It is incommensurate to the underlying
crystal lattice and magnetically hard with no changes in
spin texture up to 9 T.
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FIG. 2. Spin-polarized STM data obtained using a magnetically soft Fe-coated W tip with magnetization my;, whose indicated
direction is the one of the external field B = 1T. (a) Spin-polarized STM topograph of 2 ML Fe on Ir(110) with a substrate step
crossing from lower left to upper right. Only the area in the lower center is not covered by Fe. A magnetic wave pattern of the
out-of-plane magnetization direction with wave vector in [TlO]-direction is visible in 2 ML Fe areas. V;, = 100mV, Iset = 5nA,
and image size is 38 nm x 20 nm. Inset: spin- and atomically-resolved STM topograph. Circles are superimposed at locations of
atomic intensity maxima in the lower part of the image. Magnetic wave pattern schematically represented by a sinusoidal curve
is incommensurate with atomic positions. Vi, = 50mV, Iss = 1nA, and image size is 5.0nm x 2.5nm. (b)-(g) Spin-polarized
dI/dV maps taken at indicated myip defined by external field. Magnetic contrast is observed for myip normal to the surface in
(b) and (e) as well as along or opposite to [110] in (c) and (f). The magnetic contrast vanishes in (d) and (g) for m;, along or
opposite to [001], i.e., for my;, normal to the pattern wave vector. Vi, = 100 mV, Ist = 5nA, and image size is 16 nm x 10 nm.
(h) Averaged dI/dV profiles for colored line-like rectangles in (b)-(d) (colors matched). The profiles are taken with respect to
a defect marked by vertical white lines in (b)-(d) as reference.

Theoretical results: To investigate the physical ori-
gin of the robust spin spiral, we performed vector-spin
density functional theory (DFT) calculations using the
film version of the full-potential linearized augmented
plane wave method [38] (FLAPW) as implemented in
the FLEUR code [39] to analyze their energetics in a
structurally optimized pseudomorphic, two-layer Fe film
on an 1l-layer Ir substrate modeling the experimental
sample. The local density approximation (LDA) [40]
was applied, resulting in an optimized lattice constant
of ag = 0.382 nm in good agreement to experiment
(0.3839 nm). The structural optimization of the film in-
cludes the first four layers of the surface with relaxations
of —19%, —7%, —1% of the first, second and third layer in
units of the interlayer distance in [110]-direction, ag/v/8.
The calculations of homogeneous spin spirals have been
performed in the p(1 x 1) unit cell, exploiting the gener-
alized Bloch theorem [41] for calculations without SOC.
The contribution of SOC to the spirals has been treated
in first order perturbation theory [42]. 3840 k; points in
the two-dimensional Brillouin zone have been used.

The DFT results are summarized in Fig. 4. Calcula-
tions without SOC reveal a spin-spiral with a symmetric

(@ — —q) dispersion featuring two deep energy min-
ima (<—10 meV below the FM state) at finite, acciden-
tal, i.e., not symmetry determined values of +¢, with
qfr10) = 0.194 (27), along the high-symmetry line [110].
This corresponds to an atomic-scale spin-spiral period of
A = 1.39 nm. The solution is an example of the well-
known Yoshimori spiral [43] resulting from frustrated ex-
change, arising from competing FM and AFM Heisen-
berg interactions between different pairs of atoms [44].
When SOC is included, for a cycloidal Néel-type spi-
ral, the associated DMI lifts the energetic degeneracy
by +2 meV, the minima become asymmetric, favoring
energetically a chiral ground-state Néel spiral with the
positive g-value, i.e., a clockwise rotating spiral, though
the DMI does not significantly alter the position of the
energy minimum. Along the [001] direction, a different
scenario is observed: Without SOC, no Yoshimori-spiral
is observed, the FM state has the lowest energy, but the
DMI selects a positive gjgo1) = 0.14 (%ﬂ) corresponding
to Ajgo1) = 2.08 nm, though at higher energy than for the
[TlO] direction. Consequently, a ground-state spin spiral
stabilizing along [001] is less favorable.

Discussion: Comparing theory with experiment, we



height (pm)
o

0 2 4 6 8 10 12
position (nm)

FIG. 3. Stability of frustated spin spiral against high mag-
netic field. Spin-polarized STM images of 2 ML Fe islands
on Ir(110) at an external out-of-plane magnetic field of 1 T
(a) and 9 T (b) (Vb = 100mV, Iset = 1nA, 23nm X 26 nm,
and T = 4.2K). (c¢) Comparison of line profiles averaged over
lines within the rectangle in (a) and (b). The modulation
pattern is unchanged and sinusoidal behaviour is present in
both cases.

conclude: (i) The direction of the spiral agrees, (ii)
the sign of the g-vector and thus the handedness of
the spiral agrees, and (iii) there is a good agreement
between the periods determined by theory and exper-
iment, A = 1.39 nm versus Aexp = 1.27 £ 0.02nm.
Turning to the analysis of the energy, we map the dis-
persion without SOC to a classical Heisenberg model
E = —=Y",J0;5% - &;, with & being the direction vec-
tors of the local spin, we notice that the frustration of
Heisenberg exchange between FM interaction of inter-
plane nearest neighbor pairs and the AFM pair interac-
tion of intraplane more-distant neighbors (for calculated
exchange constants, see Note 3 in the SM [30]) is five
times stronger than the relativistic DMI. Thus, the frus-
trated exchange determines the energy and length scale
of the spiral, but the DMI selects of the many possi-
ble spirals the clockwise rotating Néel-type one. Finally,
the energy minimum is about 12 meV/Fe atom below
the FM state, suggesting that an external magnetic field
of around 80 T would be required to unwind it into a
skyrmion texture. This is consistent with the observed
stability up to the highest applied field of 9 T.

Mapping the energy dispersions around ¢ = 0 to a
micromagnetic model where the strength of the Heisen-
berg exchange is expressed by the spin stiffness A in
E(q) = Aq? and of the DMI by the spiralization D in
E(q) = Dg, we find a strong asymmetry of the exchange
interaction in different directions, A[Tlo] = —19.8 meV
(minus sign implies, FM state is not stable), and Ajgo1] =
—0.1 meV, while the spiralization is fairly isotropic
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FIG. 4. DFT calculated energy dispersions E(q) relative to
the FM state of homogeneous, flat cycloidal spin spirals as a
function of the wave vector ¢ for 2 ML Fe/Ir(110). Films with
(red) and without (black) DMI along two orthogonal propa-
gation directions: [110] (main plot) and [001] (inset). Positive
(negative) ¢ indicates a right- (left-) handed rotational sense.
Solid lines are polynomial fits to data point closely matching
the points up to the Brillouin zone boundary (not shown).

Dgyq = —5.2 meV/nm, and Djppy; = —5.0 meV/nm,
with the same handedness in both directions.

Summary: In summary, we find that the magnetic
ground state of pseudomorphic double layer Fe islands
on unreconstructed Ir(110) is a frozen clockwise Néel-
type atomic-scale cycloidal spin spiral along the [110]-
direction with a wavelength of 1.27 nm. This spin spiral
exhibits magnetic stiffness, remaining stable under ex-
ternal fields up to 9 T. DFT calculations show that, un-
like (111) and (100) Ir substrates, the spin spiral here is
of Yoshimori type, caused by frustrated Heisenberg ex-
change interactions, with the Dzyaloshinskii-Moriya in-
teraction favoring a Néel over a Bloch spiral and breaking
the chiral symmetry that determines its unique hand-
edness. The exchange interaction is highly anisotropic,
while the DMI is relatively isotropic, and no significant
beyond-Heisenberg interactions were observed. These
findings provide new insights into stabilizing atomic-scale
spin spirals on low-symmetry substrates, highlighting the
role of anisotropic magnetic interactions in determining
the ground state. Future work could explore tuning spin
textures through surface modifications, leveraging the
openness of fcc(110) substrates.
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SUPPLEMENTARY NOTE 1: EXPERIMENTAL METHODS

The experiments were performed in an ultra-high vacuum (UHV) system (base pressure <
3x1071% mbar) equipped with a sample preparation chamber and a scanning tunneling microscope
(STM) operating at 4.2 K with superconducting magnets producing in the STM sample position
a magnetic field of up to 9 T normal to the sample surface and 2 T in any direction.

Ir(110) was cleaned by cycles of 1 kV Ar-sputtering and annealing at 1500 K. After cool-
down the sample displays the thermodynamically stable {331}-nanofacet reconstruction [1, 2]. In
order to establish clean unreconstructed Ir(110)-(1 x 1) we applied a two-step procedure. First,
during cooling from 1200 K, the surface is exposed to an oxygen partial pressure of 1 x 10~7 mbar
to prevent the formation of the nanofacet reconstruction. The result is oxygen covered Ir(110)-
(1 x 1), as was first shown by Chan et al. [3]. Second, following the approach of Heinz et al. [4]
to prepare clean unreconstructed Ir(001), chemisorbed oxygen was titrated through exposure to
1 x 10~7 mbar hydrogen at 470 K until clean Ir(110)-(1 x 1) resulted. The corresponding low energy
electron diffraction patterns and a model showing the different steps of preparation are given in the
Figure S1. Fe amounts ranging from 0.4 ML to 1.4 ML Fe were deposited by e-beam evaporation
onto clean Ir(110)-(1 x 1) at 470 K. Here, ML denotes monolayer and 1 ML corresponds to the
surface atomic density of Ir(110)-(1 x 1), which is 9.6 x 108 atoms/m?.

For spin-polarized STM measurements, we used Fe-coated W. To obtain an Fe-coated W tip, an
electrochemically etched W tungsten tip was heated in UHV up to 2400 K for 2s and subsequently
coated by 20 atomic layers of Fe. After deposition the Fe-coated W tip was annealed at 1000 K for
5s [5].

We detect the tunnel current 7(V') and the differential conductance (dI/dV’) simultaneously

using a lock-in technique with a modulation bias voltage of 20 mV at a frequency 6.662 kHz.



FIG. S1. Model and low energy electron diffraction (LEED) patterns of the preparation of unreconstructed
Ir(110)-(1 x 1). (a) Ball model (side view) of the (331)-facet of Ir(110) and (b) LEED pattern of the (331)-
faceting of the Ir(110) surface. (c) ball model: top view (top) and side view (bottom) of the ¢(2 x 2)-O
superstructure and (d) LEED pattern of the Ir(110) with a c¢(2 x 2) pattern. (e) ball model: top view (top)
and side view (bottom) of unreconstructed Ir(110) and (f) LEED image (1 x 1) corresponding LEED pattern.
LEED energy 194¢eV. Grey = Ir, red = O.



SUPPLEMENTARY NOTE 2: ENERGY-DEPENDENCE OF SPIN-POLARIZED dI/dV
OF SPIN SPIRAL IN Fe ON Ir(110)
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FIG. S2. (a) Constant-current STM image of 2 ML Fe islands on Ir(110) at an external out-of-plane magnetic
field of 1 T (W}, = 100mV, Iyt = 1nA, and 30nm x 30nm). Magnetic modulation pattern parallel to the
[001]-direction and with wave-vector aligned to the [110]-direction is visible. Bright and dark stripes represent
local magnetization parallel and antiparallel to the out-of-plane tip magnetization. (b) dI/dV linescan along
the dashed arrow shown in (a). The recorded dI/dV signal is plotted as a function of bias voltage V;, and
position z. (c¢) Line profile averaged over lines within the rectangle in (a). The modulation pattern has a

periodicity of 1.3 nm.



SUPPLEMENTARY NOTE 3: DISTANT-DEPENDENT EXCHANGE PARAMETERS
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FIG. S3. Fitting (red line) of the energy dispersion of homogeneous spin spirals calculated by means of
scalar-relativistic DFT for Fe/Ir(110) (black circles) as shown in Fig. 4 (main text). Negative (positive) sign
of g corresponds to [001] and ([110]) directions. Ball model of the double layer Fe. Bright orange: top layer,
dark orange: bottom layer. Nearest neighbor exchange constant is interplane and contributes equally, J > 0,
FM, in both directions. Next nearest neighbor is intraplanar and contribution is mostly AFM (J < 0), but
contribution differ in each direction. The resulting negative spin stiffness A[Ilo] = —19.8 meV is evidence
of frustration in the system [6]. Along the [001] spin stiffness is also (slightly) negative, Ajgg1) = —0.1 meV,
but the shallow energy minimum indicates the spiral may not be realized as the spins have to rotate in a
plane containing the magnetically hard [001] direction (Ejo01] — Ej110) = 1.18 meV /Fe and E[Tlo] — B0 =
0.32 meV /Fe).
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