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Editors’ Suggestion

Atomic-scale Dzyaloshinskii-Moriya-modified Yoshimori spirals in an Fe double layer on Ir(110)
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Ultrathin magnetic films on heavy metal substrates with strong spin-orbit coupling provide versatile platforms
for exploring novel spin textures. So far, structurally open fcc(110) substrates remain largely unexplored. Here,
we stabilize a metastable, unreconstructed Ir(110)-(1 x 1) surface on which Fe forms a stable pseudomorphic
double layer. 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 mag-
netic 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.

DOI: 10.1103/PhysRevB.111.L.020405

Introduction. Ultrathin magnetic films on heavy transition-
metal substrates with strong spin-orbit coupling (SOC)
have catalyzed breakthroughs in modern condensed matter
physics. Landmark studies have revealed interface-induced
Dzyaloshinskii-Moriya interactions (DMIs), first demon-
strated in a monolayer (ML) of Mn on W(110) [1], have
enabled the first observation of atomic-scale skyrmion lat-
tices found in a single ML of Fe/Ir(111) [2], and the first
realization of isolated atomic-scale skyrmions in a PdFe bi-
layer 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 dimensionality,
surface orientation, stacking sequence, magnetic Heisen-
berg and beyond-Heisenberg exchange interactions, and the
Dzyaloshinskii-Moriya interaction, due to substantial spin-
orbit effects in structure inversion-asymmetric environments.
Since these platforms are frequently replicated as multilay-
ers [12], they have not only opened new avenues in the study
of magnetism, but have also enabled potential applications in
spintronics and information technologies [13-16].

Among the ultrathin magnetic film systems, Fe/Ir occu-
pies 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, particularly
in bilayer hep-Rh/Fe/Ir(111) [8] and isoelectronic Rh(111)
substrates [9]. These interactions give rise to exotic spin con-
figurations, such as a ground-state square skyrmion lattice or
an antiferromagnetic (AFM) up-up-down-down state. Besides
studies on (111)-oriented interfaces, (100)-oriented Ir inter-
faces have also been investigated. For instance, the occurrence
of an atomic-scale chiral spin spiral in finite individual bi-
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atomic Fe chains on the (5 x 1)-Ir(001) surface [6] has been
demonstrated, showcasing the diversity of spin textures across
different orientations of Ir substrates. It can be summarized
that the magnetic structures of Fe on the different Ir substrates
can be understood through a competition between ferromag-
netic (FM) Heisenberg exchange, beyond-Heisenberg, and
Dzyaloshinskii-Moriya interactions.

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 facilitates
functionalization and enables tuning of the electronic and
magnetic properties in magnetic films. Owing to their Cy,
symmetry, fcc(110) surfaces can also develop an anisotropic
interfacial DMI [17-19], which is essential for stabilizing
elliptical skyrmions or antiskyrmions [17]. Together with the
inherent anisotropic Heisenberg interaction, they may allow
to minimize the skyrmion Hall angle or support the coex-
istence of skyrmions and antiskyrmions with equal energy,
making them promising candidates for racetrack memory de-
vices [20-23].

Experimental results. Despite the potential of fcc(110) sur-
faces, 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 challenge we prepared
a metastable unreconstructed surface of Ir. Cooling Ir(110)
from 1200 K in oxygen prevents its nanofacet reconstruc-
tion [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 thermally stable up to 520 K. The
measurements were performed in an ultrahigh vacuum scan-
ning tunneling microscope (STM) operating at 4.2 K and
equipped with a vector magnetic field up to 9 T (out of
plane) and 2 T in any direction. Spin-polarized STM tips were
prepared by coating a W tip with Fe. For more details on
experimental methods and sample preparation, see Note 1 in
the Supplemental Material (SM) [30].

©2025 American Physical Society
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FIG. 1. 2-ML-thick Fe islands on unreconstructed Ir(110)-(1 x
1). (a) Constant-current STM image taken with a nonmagnetic tip
after deposition of 0.4 ML Fe on Ir(110)-(1 x 1). V;, = 100 mV,
I = 1 nA, and image size 28 nm x 14 nm. Inset: Atomically re-
solved Ir(110)-(1 x 1). V, =50 mV, [, = 30 nA, and image size
3 nm x 3 nm. (b) Zoomed area indicated in (a) by the white square.
(c) Top view ball model of Ir(110)-(1 x 1) with a pseudomorphic
Fe island on the right (Ir: gray; Fe: orange). (d) STM height profile
along the red line in (b).

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 in
the formation of Fe islands with a height of 2 ML [see
Figs. 1(b)-1(d)] featuring lateral sizes on the order of 10 nm
along with smaller Fe islands. While occasionally short iso-
lated strings of Fe atoms in the [110] grooves are visible
in the frozen state, extended monolayer islands are absent.
Fe atoms of neighboring strings are not in direct contact,
thus presumably with a negligible interaction. Thereby, the
extension of monolayer Fe in the [100] direction is impeded
without a stabilizing second Fe layer at the growth tempera-
ture. The densely packed atomic rows of bare Ir(110)-(1 x 1)
along [110] align with those of the 2 ML Fe island [compare
Figs. 1(b) and 1(c)], consistent with pseudomorphic growth
of the first two Fe layers. The apparent height of the Fe
islands, derived from profiles such as in Fig. 1(d), is 0.26 nm,
closely matching expectations for pseudomorphic growth and
slightly below the 0.27 nm height observed for two Ir layers on
Ir(110). For larger deposited amounts pseudomorphic double-
layer growth continues up to near complete coverage. A third
psudomorphic layer does not form, but by continued Fe de-
position instead tall islands nucleate which are presumably
composed of bee Fe.

Spin-polarized STM measurements were conducted with a
magnetically soft Fe-coated W tip (for details, see SM [30]).
The tip magnetization my, aligns to the direction of an ex-
ternal magnetic field B, and enables the decoding 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 re-

veals a magnetic stripe pattern in the Fe film with a wave
vector along [110], i.e., along the close packed row direction.
The differential conductance (d//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 and
darker stripes can be straightforwardly interpreted to result
from the Fe spin component parallel or antiparallel to the tip
magnetization, according to d/ /dV o mg - mg;, with mg being
the local sample 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
pattern is Aexp = 1.27 £ 0.02 nm, fairly independent of island
size or shape. With a,, = 0.2715 nm being the atomic spacing
along the wave vector direction of the magnetic pattern, the
wavelength A = 4.69a,, is incommensurate with respect to
the crystal lattice periodicity. Support for the incommensura-
bility of the magnetic pattern with the atomic lattice is given
by the spin-resolved 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 1 to 9 T, as shown in Figs. 3(a)
and 3(b). The stripe pattern period and intensity remains
unchanged up to 9 T, which is even more evident when ex-
amining the line profiles in Fig. 3(c). This reveals that my 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 magnetization direction
(mg) along the two orthogonal in-plane directions of the sam-
ple using a triple-axes vector magnet [37]. Figures 2(c)-2(g)
show d//dV maps obtained with B =1 T in the following
directions: in plane along the [110] direction in Fig. 2(c),
along the [001] direction in Fig. 2(d), out of plane along
the [110] direction in Fig. 2(e), along the [110] direction in
Fig. 2(f), and finally along the [OOT] direction in Fig. 2(g). The
contrast inversion of Fig. 2(e) with respect to Fig. 2(b)—easy
to spot with the help of the vertical white line marking 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 external B. It is obvious
from the d//dV maps, that besides spin components normal
to the surface [Figs. 2(b) and 2(e)], the texture displays also
spin components parallel to the wave vector of the pattern
[Figs. 2(c) and 2(f)], but no in-plane spin components normal
to the wave vector [Figs. 2(d) and 2(g)]. These spin compo-
nents are consistent with a flat Néel or cycloidal spiral, but
inconsistent with a Bloch spiral.

The handedness of the Néel spiral is evaluated analyzing
dI/dV line profiles represented in Fig. 2(h). The line profiles
are averages along the lines in Figs. 2(b)-2(d). They are
aligned with the help of the defect. Turning the tip magneti-
zation from normal [black curve, Fig. 2(b)] into the surface
along the wave vector of the magnetic pattern [red curve,
Fig. 2(c)] leads to a shift of the stripe pattern by about %)\
into [110] as visible in Fig. 2(h), defining a clockwise or
right-handed rotation of the spin texture (|, <— 17— ). Similar
analyses for other islands unequivocally support a unique
rotational sense. To conclude, 2 ML Fe on Ir(110) displays
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FIG. 2. Spin-polarized STM data obtained using a magnetically soft Fe-coated W tip with magnetization m;, whose indicated direction is
the one of the external field B = 1 T. (a) Spin-polarized STM topograph of 2 ML Fe on Ir(110) with a substrate step crossing from the lower left
to the upper right. Only the area in the lower center is not covered by Fe. A magnetic stripe pattern of the out-of-plane magnetization direction
with a wave vector in the [110] direction is visible in 2 ML Fe areas. Vi, = 100 mV, I, = 5 nA, and the image size is 38 nm x 20 nm. Inset:
Spin-resolved and atomically resolved STM topograph. Circles are superimposed at locations of atomic intensity maxima in the lower part of
the image. The magnetic stripe pattern schematically represented by a sinusoidal curve is incommensurate with atomic positions. V4, = 50 mV,
I, = 1 nA, and the image size is 5.0 nm x 2.5 nm. (b)—(g) Spin-polarized d//dV maps taken at indicated my, defined by an external field.
Magnetic contrast is observed for m, 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 my, along or opposite to [001], i.e., for mg, normal to the pattern wave vector. V, = 100 mV, I, = 5 nA,
and the image size is 16 nm x 10 nm. (h) Averaged d//dV profiles for colored linelike 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.

a clockwise rotating cycloidal or Néel-type spin spiral with a
wavelength of A = 4.69a,,. It is incommensurate to the un-
derlying crystal lattice and magnetically hard with no changes
in spin texture up to 9 T.

Theoretical results. To investigate the physical origin of
the robust spin spiral, we performed vector-spin density func-
tional 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 ap = 0.382 nm, in good agreement with exper-
iment (0.3839 nm). The structural optimization of the film
includes the first four layers of the system with relaxations
of —19%, —7%, —1% of the first and second Fe layer and
first Ir layer in units of the interlayer distance in the [110]
direction, ag/+/8. The calculations of homogeneous spin spi-
rals have been performed in the p(1 x 1) unit cell, exploiting
the generalized Bloch theorem [41] for calculations with-
out SOC. The contribution of SOC to the spirals has been
treated in first-order perturbation theory [42]. Here, 3840
k| points in the two-dimensional Brillouin zone have been
used.

The DFT results are summarized in Fig. 4. Calculations
without SOC reveal a spin spiral with a symmetric (q <> —q)
dispersion featuring two deep energy minima (<—10 meV
below the FM state) at finite, accidental, i.e., not symmetry

determined values of +¢, with g7, = 0.194(27”), along the

high-symmetry line [110]. This corresponds to an atomic-
scale spin-spiral period of Ape, = 1.39 nm. The solution is
an example of the well-known Yoshimori spiral [43] result-
ing from frustrated exchange, arising from competing FM
and AFM Heisenberg interactions between different pairs of
atoms [44].

When SOC is included, (i) the magnetocrystalline
anisotropy (MCA) is determined and we theoretically confirm
the easy axis of magnetization orients along the out-of-
plane direction, the medium (Emo] — Ep110) = 0.32 meV//Fe)
and hard axes (Ejoo1; — Ej110) = 1.18 meV/Fe) are along the
[110] and [001] directions, respectively. (ii) For a cycloidal
Néel-type spiral, the associated DMI lifts the energetic degen-
eracy by +2 meV, the minima become asymmetric, favoring
energetically a chiral ground-state Néel spiral with a pos-
itive g value, i.e., a clockwise rotating spiral, though the
DMI does not significantly alter the position of the energy
minimum. The energy gain of 10.4 meV /Fe from spiral for-
mation significantly exceeds the average MCA contribution of
0.16 meV /Fe along the spiral. Thus, the MCA has a negligible
impact on the spiral configuration, and a homogeneous spiral
is expected. 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
qroo1] = 0.14(27”) corresponding to Ajpo1; = 2.08 nm, though
at higher energy than for the [110] direction. Consequently,
a ground-state spin spiral stabilizing along [001] is less
favorable.
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FIG. 3. Stability of frustrated spin spiral against a high magnetic
field. Spin-polarized STM images of 2 ML Fe islands on Ir(110) at an
external out-of-plane magnetic field of (a) 1 T and (b) 9 T (V, = 100
mV, I = 1 nA, 23 nm x 26 nm, and 7 = 4.2 K). (c) Comparison
of line profiles averaged over lines within the rectangle in (a) and
(b). The modulation pattern is unchanged and sinusoidal behavior is
present in both cases.

Discussion. Comparing theory with experiment, we con-
clude the following: (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 experiment, Ageo =

without DMI
with DMI
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FIG. 4. DFT calculated energy dispersions E(g) relative to the
FM state of homogeneous, flat cycloidal spin spirals as a function
of the wave vector g for 2 ML Fe/Ir(110). Films with (red) and
without (black) DMI along two orthogonal propagation directions:
[110] (main plot) and [001] (inset). Positive (negative) ¢ indicates a
right- (left-)handed rotational sense. Solid lines are polynomial fits
to the data point closely matching the points up to the Brillouin zone
boundary (not shown).

1.39 nm vs Aexpe = 1.27 £0.02 nm. Turning to the analy-
sis of the energy, we map the dispersion without SOC to
a classical Heisenberg model £ = — Zi JoiS2eéy - &;, with é
being the direction vectors of the local spin. We notice that
the frustration of the Heisenberg exchange between the FM
interaction of interplane nearest-neighbor pairs and the AFM
pair interaction of intraplane more-distant neighbors (for cal-
culated exchange constants, see Note 3 in the SM [30]) is five
times stronger than the relativistic DMI. Thus, the frustrated
exchange determines the energy and length scale of the spiral,
but the DMI selects of the many possible spirals the clock-
wise 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 re-
quired to unwind it into a skyrmion texture. This is consistent
with the observed stability up to the highest applied field of
9T.

Mapping the energy dispersions around ¢ = 0 to a mi-
cromagnetic model in which the strength of the Heisenberg
exchange is expressed by the spin stiffness A in E(g) =
Ag? and the strength of the DMI by the spiralization D in
E(q) = Dg, we find a strong asymmetry of the exchange
interaction in different directions, A[g;5; = —19.8 meV (as the
minus sign implies, the FM state is not stable), and Ago1] =
—0.1 meV, while the spiralization is fairly isotropic Dy;o =
—5.2 meV/nm, and Djp;; = —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 unrecon-
structed Ir(110) is a frozen clockwise Néel-type atomic-scale
cycloidal spin spiral along the [110] direction with a wave-
length of 1.27 nm. This spin spiral exhibits a large magnetic
stiffness, remaining stable under external fields up to 9 T.
DFT calculations show that, unlike (111) and (100) Ir sub-
strates, the spin spiral here is of Yoshimori type, caused
by frustrated Heisenberg exchange interactions, with the
Dzyaloshinskii-Moriya interaction favoring a Néel over a
Bloch spiral and breaking the chiral symmetry that determines
its unique handedness. The exchange interaction is highly
anisotropic, while the micromagnetically averaged DMI is
relatively isotropic, and no significant beyond-Heisenberg in-
teractions were observed. These findings provide new insights
into stabilizing atomic-scale spin spirals on low-symmetry
substrates, highlighting the role of anisotropic magnetic in-
teractions 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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