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Emergence of Robust 1D Atomic and Electronic Textures in
Mn Ultrathin Films via Antiferromagnet-Ferromagnet

Interfaces

Eiichi Inami,* Peter Kriiger, Hiroki Hayashi, and Toyo Kazu Yamada*

1D electronic structures on 2D crystalline surfaces are crucial for investigating

low-dimensional quantum phenomena and enabling the development of
dimensionally engineered nanodevices. However, the inherent periodic
symmetry of 2D atomic lattices generally leads to delocalized electronic band
extending across the surface, making the creation of periodic 1D electronic
states a significant challenge. Here, robust 1D electronic ordering is
demonstrated in ultrathin Mn films grown on an atomically flat,
non-reconstructed body-centered cubic Fe substrate. Scanning tunneling
microscopy and spectroscopy revealed stripe-like patterns aligned along the
[170] direction, with periodicities of 2.5 and 5 atomic rows in the Mn
monolayer and bilayer, respectively. The bilayer further exhibits
energy-dependent phase variations. Density functional theory indicates that
magnetic frustration in the quasi-hexagonal Mn lattice drives out-of-plane
atomic displacements, stabilizing the 1D order. The resulting electronic
textures are stable at room temperature and resilient to defects. These
findings establish a platform for designing intrinsic 1D electronic patterns in
2D films, with broad implications for spintronics, quantum devices, and

spintronics, molecular and superconduct-
ing electronics, which often rely on low-
dimensional platforms such as quantum
dots, quantum wires, and van der Waals
materials.'”) In particular, achieving 1D
electronic ordering on 2D surface could
enable anisotropic quantum transport and
support quantum-confined functional units
for nanoscale device integration.[®”] How-
ever, the periodic symmetry of crystalline
2D surfaces typically leads to delocalized
electronic bands extending across the sur-
face, making it difficult to stabilize intrinsic
1D electronic states. Although noble metal
surfaces can undergo surface reconstruc-
tions that introduce atomic corrugations on
the order of 10-20 pm,['% such subtle dis-
tortions generally fail to produce signifi-
cant electronic anisotropy, and the resulting
surface states retain essentially 2D nature.

To overcome this limitation, various

molecular-scale engineering.

1. Introduction

Controlling the dimensionality of electronic states on 2D
surfaces has remained a significant challenge over decades.
This capability is key to advance next-generation quantum
and nanoscale technologies, including quantum computing,
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symmetry-breaking strategies have been

explored, including the introduction of

atomic-scale defects such as vicinal steps,

missing rows, and adsorbed atoms and
molecules. In the case of atomic steps, 2D surface states can
be quenched,!'"!2] and 1D-like features appear when atoms or
molecules align along step edges.!'*8] However, these features
typically arise from the adsorbate chains themselves and do not
reflect intrinsic 1D states of the surface. Another strategy is con-
fining surface electrons within nanoscale boundaries, so-called
quantum corrals,? using single atoms, 2D metal-organic
frameworks!?!2*l and covalent organic cages.[?>"?’! Yet, despite
these efforts, no clear demonstration of 1D electronic ordering
has been achieved through such approaches.

More recently, 1D electronic order has been realized on the
2D surfaces of layered van der Waals materials such as transi-
tion metal dichalcogenides. For example, 2H-NbSe,, which typ-
ically exhibits a 3 X 3 2D charge density wave (3Q-CDW), can
transition into a 1D striped CDW phase (1Q-CDW)!%-3% un-
der large strain and weak magnetic fields.’'-33] However, this
transition relies on a finely tuned combination of symmetry
breaking, a quasi-hexagonal array of Nb atoms, and strong spin-
orbit coupling from the surrounding chalcogenide layers. This
highlights the delicate conditions required to stabilize 1D elec-
tronic phases, even in intrinsically low-dimensional, correlated
materials.

© 2025 Wiley-VCH GmbH
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In this study, we demonstrate that even conventional 3d transi-
tion metals, ferromagnetic (FM) Fe and antiferromagnetic (AFM)
Mn, can give rise to 1D atomic stripe patterns in the local density
of states (LDOS) on a 2D surface. Realizing this phase requires
precise control over Mn film growth on Fe surfaces. For com-
parison, Mn films grown on Fe(001)3*# form atomically flat
body-centered tetragonal (bct) structures with uniformly aligned
in-plane spins. This uniform spin configuration arises because
the relatively large Mn—Mn spacing weakens intralayer magnetic
coupling, allowing the Mn—Fe interfacial interaction to domi-
nate. Given these insights, we employed a body-centered cubic
(bcc)-Fe(110) whisker substrate, which facilitates the growth of
more densely packed Mn films with shorter Mn—Mn spacing
than in the Mn/Fe(001) system. This structural configuration
leads to competition between interfacial Mn-Fe and intralayer
Mn—Mn spin interactions, giving rise to magnetic frustration
that enables the emergence of robust 1D electronic stripe pat-
terns on the 2D Mn(110) surface.

2. Results

2.1. Stripe Patterns in Ultrathin Mn Films on Fe(110)

Mn films were grown on a Fe(110) surface at 300 K in an ultra-
high vacuum (UHV) preparation chamber. The prepared sam-
ple was subsequently transferred into the analytical chamber
without breaking the UHV condition. Scanning tunneling mi-
croscopy (STM) and scanning tunneling spectroscopy (STS) mea-
surements were performed at 78 and 300 K (Figure 1a). The de-
tailed experimental methods are provided in the“Experimental”
Section.

Figure 1b—d present large-scale STM topographies (170 x 170
nm?) of the Fe(110) surface observed at 78 K, where Figure 1b
shows the pristine Fe(110) surface, whereas Figure 1c,d show the
surface following the deposition of 0.5 and 1.2 monolayers (MLs)
of Mn, respectively. Before Mn deposition (Figure 1b), the Fe(110)
surface exhibited atomically flat terraces exceeding 100 nm in
size. An atomically-resolved STM image highlights a centrally po-
sitioned rectangular bee (110) lattice unit (inset of Figure 1b). In
Figure 1e, the height profile along line A in Figure 1b reveals a
step with a height of #0.2 nm. This is consistent with the spacing
between Fe(110) layers, calculated based on the lattice constant of
bee-Fe (a = 0.2866 nm),1?] thus confirming the presence of single
atomic steps.

The Mn atoms deposited onto these Fe(110) terraces formed
atomically flat monolayer (Mn, ) islands, as shown in Figure 1c.
Intriguingly, these islands were predominantly formed on the ter-
race areas, with negligible contact with the steps. This suggests
that Mn islands grow through the aggregation of diffusing Mn
atoms on terrace areas. Figure 1c also reveals the elongated shape
of these islands, indicating that Mn islands tend to grow prefer-
entially in the [110] direction rather than the [001] direction. In
Figure 1le, the height profile along line B in Figure 1c reveals an
apparent height of the island to be #0.26 nm, ~30% (0.06 nm)
higher than the Fe(110) single-step height. This also indicates
that the islands are composed of adsorbed Mn atoms, as depicted
with light-blue shading in Figure le.

At the 1.2 MLs coverage (Figure 1d), the Fe(110) substrate was
almost entirely covered by the Mn,, layer, above which the sec-
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ond Mn islands (referred to as Mn,,, island) started to emerge,
exhibiting shapes similar to those of Mn,, islands. The height
profile along line C in Figure 1d reveals that the apparent height
of the Mn, , island (~0.24 nm) was ~8% lower than that of
the Mn,, but 20% larger than the Fe(110) interlayer distance
(0.2 nm). As discussed later, the variation in layer heights be-
tween Mn,, and Mn, , islands is attributed to a combination of
differences in electronic structures and interatomic interactions
between Mn,-Fe and Mn,, ;—Mn, . The former contributes to
an apparent height difference, while the latter results in an ac-
tual topographical difference.

The magnified STM images in Figure 1f,g elucidated key fea-
tures of the Mn/Fe(110) systems. These images reveal distinc-
tive 1D stripe patterns along the [110] direction both on the Mn,
and Mn,_, islands. These stripe patterns remain stable at room
temperature (see Figure S1, Supporting Information), indicat-
ing their thermal robustness. The results suggest that structural
and electronic modulations within the Mn island arise from the
competing interactions: frustration between Mn-Mn interactions
within the islands and/or Mn—Fe interactions at the substrate
interface.

Figure 1f,g also reveals the presence of defects within the Mn,
and Mn,_, islands. Their types were further characterized in STM
images in Figure S2a (Supporting Information) which shows a
distinct stripe pattern with small and large dark spots. Each de-
fect exhibits a different LDOS, suggesting local symmetry and
chemical composition variation. In the observed area, ~40 small
dark spots were identified among an estimated 700 Mn atoms,
corresponding to a defect ratio of 6% (40/700). These small dark
spots align with the Fe(110) crystalline direction [110], indicating
that they likely originate from intermixed Fe atoms embedded
within the Mn layer. In contrast, the large dark spots, far rarer (<
1%), are likely attributable to impurity atoms.

2.2. Electronic Structures of Ultrathin Mn Films on Fe(110)

We focus our analysis on the Mn,, layer to investigate the elec-
tronic properties associated with the observed stripe pattern.
Figure 2a—d presents the STM topography of Mn,, island on
Fe(110) terrace (Figure 2a) and the simultaneously acquired dif-
ferential conductance (dI/dV) maps (Figure 2b-d) at sample bi-
ases of =250, —50, and +250 mV (setpoint bias of V, = -1 V), re-
spectively. Complete dI/dV maps are available in Video S1 (Sup-
porting Information). Notably, the stripes patterns evident in the
dI/dV map are exclusive to the Mn, island and absent on the
Fe(110) surface. It was also confirmed that the stripe patterns
remained constant across different bias voltages, as further elu-
cidated by Figure 2e, highlighting the stripe pattern within the
boxed area B in Figure 2b at representative bias voltages.

To fully understand the bias-dependent characteristics, we an-
alyzed the dI/dV intensity profile along the [001] direction (line
A-A’ in Figure 2e) across all biases within the dI/dV dataset.
Figure 2f presents the resultant 3D dI/dV profile map as a func-
tion of energy (y-axis) and position (x-axis), where the profile at
each bias was normalized to the range of [0, 1] to amplify the
visibility of the stripe structure (results without normalization
are provided in Figure S3a, Supporting Information). This 3D
view highlights that, within the bias range of —0.4—+0.7 V, the
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Figure 1. STM results of Mn monolayers and bilayers on bcc Fe(110). a) Sketches showing Mn atom deposition on Fe(110) surface (left) and the
subsequent STM/STS analysis, revealing surface morphology and local electronic structures. b-d) STM topographies of pristine Fe(110) surface, Fe(110)
surface with 0.5 MLs coverage of Mn atoms, Fe(110) surface with 1.2 MLs coverage of Mn atoms. The STM images were acquired over 170 x 170 nm?
areas with a sample bias of —1.0 V and tunneling current of 100 pA. The inset in b shows a high-pass filtered STM image resolving the atomic arrangement
of the Fe(110) surface, with an atomic model of the Fe(110) surface superimposed. e) Height profiles along the lines A, B, and C indicated in b—d.
f,g) High-resolution STM topographies acquired on the Mn monolayer, and on the Mn bilayer.

stripe periodicity along the [001] direction remains constant at A  as shown in Figure 2g. These spectra were examined at the ridge
=0.72 + 0.15 nm. This value corresponds to 2.5 times the in-  (marked 'R’ in Figure 2f), the trench (labeled ‘T" in Figure 2f)
teratomic distance of substrate Fe atoms along the [001] direction  of the Mn,, island, and the Fe(110) terrace (boxed area A in
(0.286 nm). Figure 2b). Following Gaussian fitting, distinctive peaks near the

To elucidate the electronic origin of the stripe pattern, normal- ~ Fermi energy were identified in both the R and T areas of the
ized dI/dV spectra, indicative of the LDOS,[*!*?] were analyzed, =~ Mn,, island, located at ~0.15 and 0.19 eV, respectively. These
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Figure 2. Electronic structure of Mn monolayer on bcc Fe(110). a) STM topography of a Mn monolayer on Fe(110) surface, imaged at a sample bias
of —1.0 V. b—d) dI/dV maps obtained simultaneously with a, at sample biases of —250, =50 mV, +250 mV. Images a-d cover the same 9.9 x 9.9 nm?
area. €) dI/dV maps at various characteristic bias voltages, extracted from a boxed area B in b. f) d//dV profile map along line A-A’ in e, as a function
of energy relative to the Fermi level (Eg). Each profile is normalized within [0, 1]. At the top of d, the atomic structural model of the Fe(110) surface is
shown for reference. Arrows labeled ‘T’ and ‘R’ highlight the trench and ridge areas in the stripe pattern, respectively. g) Normalized d//dV spectra at the
Fe(110) surface (boxed area A in b), R, and T areas. The spectral peak positions near Fermi Energy, marked by red, blue, and green ticks, were derived

from Gaussian fitting analysis.

peaks, absent in the Fe(110) area, indicate intrinsic features to the
Mn, , island (a direct comparison of the dI/dV spectra is provided
in Figure S4b, Supporting Information). Notably, the two peaks
at the R and T area are not identical, exhibiting a slight offset of
~40 meV. This offset cannot be attributed to thermal fluctuations
as the thermal energy of k; T is ~#7 meV at 78 K. Instead, it indi-
cates an inherent difference in electronic structure, suggesting
subtle variations in the atomic arrangement between the R and
T areas.

An interesting stripe pattern was further observed on the
Mn,, 4 island. Figure 3a-d show STM topography, including
Mn,, and Mn, 4 islands (Figure 3a), and the simultaneously ob-
tained dI/dV spectroscopy maps at sample biases of —250, —50,
and +250 mV (setpoint bias of V{ = —1 V), respectively. Complete
dI/dV maps are available in Video S2 (Supporting Information).
The three dI/dV maps (Figure 3b—d) confirm the presence of pe-
riodic stripes parallel to the [110] orientation on both the Mn,,
and Mn,,, islands. However, it is essential to note that the appear-
ance of the stripe pattern on the Mn,_, island shows significant
changes depending on the sample bias. This is also confirmed
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clearly in Figure 3e, where the stripe pattern in the boxed area in
Figure 3bis highlighted at the representative sample bias voltage.
Analogous to Figure 2f, we analyzed the normalized dI/dV inten-
sity profile map along the [001] direction (line B-B’ in Figure 3e),
with the result shown in Figure 3f (unnormalized result is avail-
able in Figure S3b, Supporting Information). In contrast to the
Mn,, island, the stripe periodicity on the Mn,, ; island changed
significantly, six times within the bias range of —1-1 V, exhibit-
ing a diverse stripe pattern. Careful inspection of Figure 3f also
revealed that, depending on the voltage, the stripe’s periodicities
can be either 0.72 + 0.07 nm (4) or double, 1.44 + 0.22 nm (24).
These results definitively indicate that the lattice translation sym-
metry of the Mn,_; island along the [001] direction is 1.44 nm,
which is twice that of the Mn, layer (0.72 nm) and five times
that of the Fe(110) substrate.

The bias-dependent stripe pattern depicted in Figure 3f sug-
gests that the stripe formation on the Mn, , island involves not
only the intrinsic mechanism for the Mn,, island but also ad-
ditional factors. This interpretation is consistent with the differ-
ence in underlying substrates; the Mn,,_, is formed on the Mn, ,

© 2025 Wiley-VCH GmbH
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Figure 3. Electronic structure of Mn bilayer on bcc Fe(110). a) STM topography of a surface where Mn monolayer and bilayer coexist on Fe(110), imaged
at a sample bias of —1.0 V. b—d) dI/dV maps obtained simultaneously with a at sample biases of =250 mV, =50 mV, 250 mV. Images a-d cover the same
15 x 15 nm? area. In c, characteristic irregularities of the stripe pattern are marked by dotted line circles and broken lines (labeled L and Ly). e) dI/dV
maps at various characteristic bias voltages, extracted from a boxed area in b. f) A dI/dV profile map along line B-B’ in image e, as a function of energy
relative to the Fermi level (Eg). Each profile is normalized within [0, 1]. At the top of d, the atomic structural model of the Fe(110) surface is shown
for reference. Two distinctive trench and ridge regions in the stripe pattern at a bias of -50 mV are indicated by arrows'TT’, ‘T2’, and ‘R’ respectively.
g) Normalized d//dV spectra at R, Ty, and T, areas. The spectral peak positions near Fermi Energy, marked by red, blue, and green ticks, were derived

from Gaussian fitting analysis.

and the Mn,, is formed on a Fe(110) surface. The substrate de-
pendence likely causes variations in their electronic structures.
To verify this, we analyzed normalized dI/dV spectra from three
representative areas of the stripe pattern, labeled R, T;, and T,
in Figure 3f, as presented in Figure 3g. The spectral shapes in
these three regions are distinct from those observed on the Mn,
island (Figure 2g). Notably, within the Mn,_; island, the spectral
shapes vary significantly across regions R, T;, and T,, as further
highlighted in the direct comparison in Figure S4d (Supporting
Information). Gaussian fitting analysis of these spectra revealed
distinct LDOS peak positions near the Fermi energy, marked by
red, blue, and green ticks in Figure 3g. For the R site, the peaks
are located at —0.35, +0.03, and +0.26 eV. In comparison, for the
T, site, the peaks shift to —0.44, +0.12, and +0.38 eV, while for
the T, site, they shift to —0.34, +0.25, and +0.45 eV. These varia-
tions in peak positions, ranging from 100 to 220 meV, are larger
than those observed on the Mn,, layer (see Figure 2g), where
the shifts are limited to 20-70 meV. This pronounced difference
highlights the variations in electronic structures and interatomic
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interactions across the different sites in the Mn, 4 layer, which
are responsible for the diverse stripe pattern.

3. Discussion

3.1. Key Factors Underlying 1D Stripe Formation in Mn/Fe
Systems

For the 1D stripe formation, the role of defects is negligible (see
Note S1, Supporting Information); indicating that the observed
pattern reflects an intrinsic property of the Mn/Fe(110) system.
To discuss the possible origins, it is essential to consider the
following key aspects. Bulk crystalline Mn possesses a highly
complex unit cell containing 58 atoms, and ab-initio calculations
have shown that the magnetic moments are intrinsically non-
collinear.*3*] In contrast, previous studies have revealed that
Mn/Fe interfaces display distinct magnetic couplings.[#>46:35-37]
In particular, ultrathin Mn films pseudomorphically grown
on a bcc Fe(001), a crystallographic analogue of the present
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Mn/Fe(110) interface, exhibit a layer-wise AFM stacking of Mn
monolayers with in-plane FM order,[**="] a configuration that re-
mains stable even at 300 K.33*] However, 1D electronic stripe
patterns have not been reported in such systems,[123447:42:48-53]
suggesting that additional structural or magnetic interactions
may be necessary to stabilize these patterns.

Hexagonal symmetry is one candidate for enhancing magnetic
frustration,>*%°] potentially giving rise to a non-collinear 120-
degree magnetic order (Neél state).>*5”] While an ideal hexagonal
lattice is typically found in face-centered cubic (fcc) or hexago-
nal close-packed (hcp) systems, a quasi-hexagonal structure can
also emerge on densely-packed bcc(110) plane.58-601 On Cu(111)
substrate, the energy barrier between bce-Fe(110) and fcc-Fe(111)
phases is relatively small (=%30-60 meV), potentially leading to
magneto-electric coupling.l®~¢3] Additionally, 2D hexagonal Mn
planes are known to host a variety of exotic magnetic topological
phases in bulk compounds, such as a skyrmion phase in MnSi
crystal,!%] a topological phase in MnBi, Te, layered crystal,[®®] and
altermagnetism in MnTe crystal.[®*®’] Even on nonmagnetic sub-
strates such as W(110), 1D atomic rows of Mn have been ob-
served at 300 K,[*® attributed to strain-driven surface reconstruc-
tion caused by lattice mismatch. In contrast, Mn 2D films exhibit
a uniform p(1 x 1) LDOS in such systems. These findings sug-
gest that the interplay of strain, lattice symmetry, and magnetic
interactions is crucial in stabilizing 1D stripe patterns within Mn-
based systems.

3.2. Mechanisms Behind the Observed Stripe Pattern in Mn
Monolayers

Our experimental results suggest that the stripe pattern on Mn,
islands primarily originates from variations in atomic arrange-
ment and the associated modulation of the LDOS (Figure 2g).
In contrast, the stripe pattern on the Mn, , island involves ad-
ditional complexity due to site-dependent local electronic states
(Figure 3g). Therefore, we focus our discussion here on the Mn,
island to address the fundamental origin of stripe formation.

Given that Mn and Fe have nearly identical atomic radii (Mn:
0.127 nm, Fe: 0.126 nm), Mn is expected to grow pseudomor-
phically on the Fe substrate. Indeed, Mn film on Fe(001) adopts
a p(1 x 1) structure up to a few MLs, while transforming into
a bet structure.[*26%701 On Fe(110), however, the surface has the
highest atomic density among the low-index planes of bcc crys-
tals and exhibits quasi-hexagonal symmetry, likely enhancing ad-
ditional geometrical frustration that may contribute to the stripe
formation.

To examine the possibility of pseudomorphic growth, the as-
sociated frustration, and its potential role in stripe formation in
the present Mn/Fe(110) system, we performed density functional
theory (DFT) calculations of the local atomic and electronic struc-
tures. In our calculations, we started with the simplest cases by
examining a single Mn monomer (Figure 4a) as well as dimer
(Figure 4b,c) and trimer (Figure 4d) forms on the Fe(110) sub-
strate. Detailed parameters of each optimized atomic structure
in Figure 4a—d are summarized in Table S1 (Supporting Infor-
mation). From the calculated adsorption energies, the relative
stability of the Mn film in various atomic configurations can be
deduced. Our calculations indicate that Mn atom preferentially
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absorb at the fourfold hollow (4H) site in all three forms. The
occupation of 4H sites, which reflect the substrate lattice period-
icity, indicates that the overlayer maintains registry with the Fe
lattice, as expected for pseudomorphic growth. However, the ad-
sorption sites of Mn dimer and trimer deviate slightly from the
ideal 4H positions. For example, in the Mn dimer case, where
two Mn atoms occupy nearest-neighbor (n.n.) sites (Figure 4b),
the interatomic distance is 0.289 nm, ~18% longer than that be-
tween Fe atoms (0.245 nm). Notably, the system reaches lower
energy when the Mn atoms are placed at next n.n. sites with a
distance of 0.301 nm (Figure 4c). These results suggest that a
pseudomorphic Mn monolayer on Fe(110) is under compressive
stress due to Mn—Mn interactions.

In both dimers (Figure 4b,c), the Mn spins couple ferro-
magnetically with each other and antiferromagnetically with the
Fe(110) substrate. In contrast, in the trimer (Figure 4d), one Mn
atom (labeled 3) couples ferromagnetically with the Fe substrate
and antiferromagnetically with adjacent Mn atoms (labeled 1 and
2). Notably, the trimer exhibits variations in out-of-plane displace-
ments, with the FM-coupled Mn atom (labeled 3 in Figure 4d) dis-
placed upward by 17 pm relative to the other two. These findings
indicate that, on the Mn/Fe(110) system, Mn atoms experience
localized magnetic frustration arising from competing Mn—Mn
and Fe—Mn interactions.

Based on Figure 4a—d, the stable adsorption site of Mn atoms
in the Mn, ,, layer are expected to be near the 4H site, suggesting
pseudomorphic growth. Building on this insight, we extended
our calculations to the monolayer to explore stable atomic con-
figurations. Figure 4e-h presents the optimized structures with
systematically varied in-plane spin alignments. Detailed struc-
tural parameters are summarized in Table S1 (Supporting In-
formation). Our calculations revealed that an in-plane FM Mn
monolayer (Figure 4e,f) exhibits negligible energy difference be-
tween FM and AFM coupling with the Fe substrate, and no
surface corrugation was found in either case. In contrast, in-
plane AFM configuration (Figure 4g) is ~300 meV per atom
more stable than the in-plane FM configurations. Notably, in
this model, Mn atoms with FM coupling to the substrate are
displaced upward by 23 pm relative to those with AFM cou-
pling, indicating frustration-induced corrugation even in the Mn
monolayer.

Figure 4g demonstrates that atomic corrugation is induced by
local magnetic frustration, which is expected to slightly modulate
the local electronic structures. However, the simulated STM im-
age for the in-plane AFM configuration (Figure S5, Supporting
Information) fails to reproduce the stripe periodicity observed in
our experiments: the model in Figure 4g predicts a periodicity
of 0.286 nm along the [001] direction while the STM measure-
ments (Figure 2) reveal a periodicity of 0.72 nm. This discrepancy
suggests that a more complex spin alignment may underlie the
observed pattern. To explore this possibility, we examined an al-
ternative stable configuration in Figure 4h, where Mn spins are
uniformly aligned along the [110] direction and coupled across
[001] in a sequence of AFM, AFM, FM, AFM, and AFM. In this
row-wise AFM/FM model, the Mn atoms exhibit distinct out-of-
plane displacements, with the height from the substrate of Mn1
reaching 220 pm, while Mn2 and Mn5 are lower at 191 pm, and
Mn3 and Mn4 at intermediate levels of 211 pm, as summarized
in Table S1 (Supporting Information). This vertical modulation
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Figure 4. DFT-calculated models of various Mn configurations on the Fe(110) surface. a-h) Side (top) and top (bottom) views of Mn configurations on
the Fe(110) surface: A Mn monomer located at a 4H site. A Mn dimer with each Mn atom occupying the nearest neighbor 4H sites. A Mn dimer with each
Mn atom occupying the next-nearest neighbor 4H-site. A Mn trimer with one Mn pair located at the nearest neighbor 4H site and two Mn pairs located
at the next-nearest neighbor 4H sites. Mn monolayer exhibiting FM coupling with the Fe(110) substrate. A Mn monolayer exhibiting AFM coupling with
the Fe(110) substrate. A Mn monolayer exhibiting in-plane AFM ordering. Mn monolayer exhibiting in-plane row-wise FM/AFM ordering. Green arrows
in a-h indicate the orientation of magnetic moments. i) Simulated STM topography (V, = —1V) based on the model shown in h. The apparent height
is defined as the distance from the sample surface atoms to the constant-current isosurface. Arrows labeled ‘T’ and ‘R’ indicate the trench and ridge
regions of the stripe pattern, respectively (see Figure 2f). j) Calculated LDOS at Mn1 (red curve) and Mn3 (= Mn4) in h. Mn1 is in the ridge region, while
Mn3 (= Mn4) is in the trench region. Thus, this comparison highlights the differences in the electronic states between the two regions.

arises from the competing magnetic interaction, FM or AFM,  ing the emergence of magnetic frustration. While Mn atoms re-
with both the underlying Fe substrate and neighboring Mn atoms  main adsorbed near the 4H sites, consistent with pseudomorphic
within the same monolayer. Such interdependent structural and ~ growth on Fe(110), the resulting superstructure reflects this frus-
magnetic relaxation indicates that no single spin configuration

. . . . 32
can simultaneously satisfy all exchange interactions, highlight- trated state and is described by matrix notation (—1 1>’ where
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the overlayer unit vectors being linear combination of substrate
lattice.

Figure 4i shows the simulated STM image of the row-wise
AFM/FM model, where apparent height variations reflect the
spin orientation of Mn atoms and their interactions with neigh-
boring spins. This simulation successfully reproduces the exper-
imentally observed stripe periodicity of 0.72 nm (4) shown in
Figure 2. We also examined the effect of the apparent height
on the simulated images (see Figure S6, Supporting Informa-
tion), revealing that increased apparent height reduces atomic
resolution and leads to better agreement with the experimental
STM images. Although the absolute tip-sample distance is not
directly measurable, it is typically within sub-nm range under
conventional imaging conditions (see Note S2, Supporting Infor-
mation), larger than the simulated apparent height. Therefore,
simulations at larger apparent height more closely reproduce the
experimental images, further validating the proposed model for
stripe formation.

Figure 4i also shows that the simulated range in apparent
height, corresponding to the corrugation in the STM topography,
is &55 pm (ranging from 105 to 160 pm), which is nearly twice
the atomic corrugation of the row-wise AFM/FM model (29 pm).
This discrepancy indicate that the observed stripe contrast can-
not be explained solely by atomic corrugation but also involves
subtle modulation of the LDOS between the ridge (R) and trench
(T) regions, as supported by the experimental data in (Figure 2g).

Figure 4j shows the calculated LDOS for Mnl (red curve)
and Mn3 (blue curve, equivalent to Mn4), corresponding to the
ridge (R) and trench (T) regions in the row-wise AFM/FM model
(Figure 4h). Several spectral features appear as shoulders or
bumps in the calculated LDOS, as indicated by the dashed lines,
and align qualitatively with peaks observed in the experimen-
tal STS spectra (Figure 2g). Notably, the LDOS intensity differs
between Mn sites, supporting the view that the observed 1D
stripe contrast arises from site-dependent LDOS modulations.
These results further substantiate the row-wise AFM/FM model
as a plausible explanation for the experimentally observed stripe
pattern.

On the other hand, our calculations show that the row-wise
AFM-FM model has a slightly higher adsorption energy (by 45
meV per atom) than the in-plane AFM model (see Table S1, Sup-
porting Information), indicating that it represents a metastable
state. The structure of a film is generally influenced not only by
the substrate material and its crystallographic orientation, but
also by external factors such as deposition rate, substrate tem-
perature, surface flatness, ambient environment, and the kinetic
energy of the deposited species. Previous studies on organicl’!!
and inorganicl’?! thin films have shown that nucleation at ter-
race sites can promote the formation of metastable structures.
This tendency is attributed to the relatively low diffusion barriers
on terraces, which facilitate lateral migration of adsorbed species
and allow them to adopt locally stable configurations rather than
global minima typically realized at step edges. Consistent with
these observations, our experimental results suggest that Mn
film growth on Fe(110) proceeds primarily via terrace nucleation
(Figure 1c,d), making the formation of metastable structures a
reasonable outcome.

Our DFT calculations (Figure 4) indicate that spin rear-
rangement and out-of-plane displacement of Mn atoms can re-

Small 2025, 04791

04791 (8 of 12)

www.small-journal.com

lieve frustration arising from Mn—Mn and Mn—Fe interactions,
thereby sustaining pseudomorphic growth of the Mn film. Al-
ternatively, such frustration may also be relieved through lat-
tice expansion, where Mn atoms undergo substantial in-plane
displacements, leading to non-pseudomorphic growth. To exam-
ine this possibility, we investigated the structure of an Mn is-
land on Fe(110) with 0.8 monolayer coverage (Figure S7, Sup-
porting Information). The optimized structure relaxes into a
non-pseudomorphic superstructure, where Mn atoms occupy
not only the 4H site but also threefold hollow and bridge sites.
A defining feature of this structure is its periodicity along the
<001> direction (0.72 nm), consistent with that of the observed
stripe pattern. However, the adsorption energy of this configura-
tion (—3.59 eV atom™') is significantly higher than that of denser
monolayers (see Table S1, Supporting Information), making this
non-pseudomorphic superstructure is energetically unfavorable.
These results further support the scenario in which the observed
stripe pattern arises from spin rearrangement and out-of-plane
displacements of Mn atoms under pseudomorphic growth.

3.3. Mechanisms Behind the Observed Stripe Pattern in Mn
Bilayers

Finally, we discuss the mechanisms underlying the stripe forma-
tion on the Mn,; island. Our observations (Figure 3f) show that
the stripes on the Mn,,, island elongate along the same [110] di-
rection as those on the Mn, , island, but with twice the periodicity.
Notably, the stripe pattern exhibits a clear dependence on the ap-
plied bias voltage. While confinement of a 2D electron gas could
account for the bias-dependent contrast,”3! this mechanism ap-
pears unlikely in the present case (see Note S3, Supporting Infor-
mation). An alternative interpretation is that the stripe contrast
arises from atomic registry between the Mn, , and Mn,, , islands,
as suggested by the alignment of stripe elongation observed in
Figure 3. This registry, along with the associated spin alignment,
likely governs the stripe formation.

Considering that Mn grows pseudomorphically over several
layers on Fe(001),[*?! and that the Mn,, layer on Fe(110) also
follows the substrate lattice (as shown above), it is reasonable
to infer that the Mn, 4 layer continues this registry, with Mn
atoms occupying near the hollow sites of the Mn,, layer (i.e.,
atop Fe atoms). However, unlike the Fe substrate, the Mn, is-
land, which serves as the adsorption surface for the Mn, , is-
land, exhibits a corrugated, quasi-hexagonal structure with a row-
wise spin sequence of AFM, AFM, FM, AFM, and AFM. As a re-
sult, Mn atoms in the Mn,_; island interact not only with the Fe
substrate beneath but also with the structurally and magnetically
modulated Mn, , layer, experiencing a more complex local envi-
ronment. This complexity may cause out-of-plane and in-plane
displacements in the Mn, , layer, which break the translational
symmetry of the Mn, ., island and give rise to site-dependent elec-
tronic states with modulated LDOS.

Based on the above discussion, we investigated the possible
configurations of the Mn bilayer using DFT calculations. As the
initial condition, each Mn atom in the Mn,_; was placed at a hol-
low site of the Mn, , island, while varying the Mn spin alignment
under the constraint of collinearity. Due to the complex mag-
netic nature of Mn, DFT calculations yield multiple local minima,
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making it difficult to identify the global minimum. Here, we com-
pared a limited number of spin configurations within the experi-
mentally observed surface unit cell. The results are presented in
Figure 5 (see Table S2, Supporting Information for optimized pa-
rameters). Additional configurations not shown in Figure 5 were
also examined. In particular, initial spin alignments differing be-
tween the Mn,, and Mn, , layers were explored. However, in
all cases, the system converged to a solution in which the two
layers share identical spin arrangements as shown in Figure 5.
These calculations clearly show that corrugations in the Mn,
layer is suppressed in all configurations, whereas the Mn,_, layer
exhibits spin-dependent out-of-plane corrugation and in-plane
distortion.

Figure 5a shows the most stable structure identified, where Mn
spins in both the Mn,, and Mn,_, layers exhibit in-plane AFM or-
dering. Although its periodicity (0.286 nm along [001] direction)
does not match the experimentally observed value (1.44 nm),
this result is reasonable given that the same spin configura-
tion is also the most stable for the Mn,, island (Figure 4g). In
Figure 5b presents a row-wise AFM-FM ordering analogous to
that of the Mn monolayer (Figure 4h). This structure corresponds
to a metastable state, with the adsorption energy 22 meV atom™!
higher than that of the in-plane AFM ordering (Figure 5a), while
its periodicity (0.72 nm) still deviates from the observed 1.44 nm.
The calculation also revealed a similar row-wise AFM-FM config-
uration (Figure 5c¢), differing from Figure 5b only in the position
of one FM-coupled Mn pair, which is shifted by two atomic sites
along the [001] direction (see boxed areas in Figure 5b,c). The
energy difference between the two is less than 1 meV atom™,
within the computational error, indicating that they are energeti-
cally equivalent. Notably, the configuration in Figure 5c breaks
the translational symmetry of the Mn,, island and result in a
(10 x 1) superstructure. Another (10 X 1) superstructure was
found (Figure 5d), which is slightly more stable than the Figure 5c
configuration by ~6 meV atom™', making it the lowest-energy
metastable state among those identified.

While the two (10 X 1) superstructures in Figure 5¢,d are plau-
sible candidates for the experimentally observed structure, un-
ambiguously determining the actual Mn configuration remains
challenging due to the presence of numerous metastable states.
Nonetheless, our calculations indicate that magnetic frustration
can induce both out-of-plane and in-plane lattice distortions, lead-
ing to the formation of metastable (10 X 1) superstructure. These
results provide a reasonable explanation for the experimental ob-
servations.

4, Conclusion

We have demonstrated the emergence of 1D electronic stripes
in ultrathin Mn films grown on a flat, non-reconstructed bcc-
Fe(110) substrate. STM/STS measurements reveal that the Mn
monolayer exhibits periodic rows along the [110] direction with
a 0.72 nm period, originating from LDOS modulation. These 1D
stripes persist even in the second Mn monolayer, with enhanced
phase variations and a doubled periodicity of 1.44 nm. DFT cal-
culations indicate that the stripes formation arise from magnetic
frustration between FM and AFM interactions, promoted by the
quasi-hexagonal symmetry of the bcc(110) surface. The robust-
ness of this pattern, stable at 300 K and insensitive to defects, sug-
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gests its utility as a 1D nanopatterning templates. Such structure
based on FM/AFM interfaces could enable dimensionally con-
trolled nanodevices, including spintronics and molecular elec-
tronics. Future studies with spin-polarized STM and exchange
bias measurements, along with advanced first-principles calcula-
tions, may elucidate the role of magnetism in stabilizing these
textures.

5. Experimental Section

UHV-STM Setup:  All experiments were performed using a home-built
UHV-STM setup (base pressure < 8.0 x 107° Pa) at 300 and 78 K,[7475]
consisting of an introduction, a preparation, and an STM analytical cham-
ber. These separate chambers were interconnected by gate valves through
which samples and STM tips were transferred in situ by using transfer
rods. A UHV cryostat (CryoVAC) in the analytical chamber was used to
cool down the STM stage.

Sample Preparations: A bce-Fe(110) whisker substrate prepared by the
chemical vapor deposition method!7®! was introduced into the prepara-
tion chamber. The sample was subjected to repetitive cycles of Art ion
sputtering (+1.0 kV, 15 min) with the substrate temperature of 873 K and
post-annealing at 873 K (5 min), by which an atomically clean and flat
bcc(110) surface was obtained. Mn shot (purity 99.999%, Nilaco) inserted
into a Mo crucible in the preparation chamber was heated to evaporate on
the Fe(110) substrate held at 300 K. The deposition rate was set at 0.25
mL min=".

STM Characterization: STM measurements were performed at 300
and 78 K. Electrochemically etched and flame-etched W-tips (¢ = 0.3 mm,
purity 99.99%, Nilaco),[7778] carefully cleaned via flashing!’®! in the in-
troduction chamber prior to use, and then set into the STM stage. STM
topographic images of the sample surfaces were acquired in a constant
current mode. Since the apparent height in the STM topographic image
includes geometric surface morphology and the electronic structure dif-
ference between the layers, it could change the evident height by ~+20
pm. Such electronic effect in the STM images could be minimized by tak-
ing the STM image with a sample bias voltage smaller than —1V since
the tunneling at the negative bias follows the tip LDOS, which was con-
stant on all surfaces.!'23%] LDOS on the sample surface was measured via
current imaging tunneling spectroscopy (CITS), in which topographic and
current-voltage (I-V) images were simultaneously recorded from the same
area. Each spectrum in the I-V image was numerically differentiated to ob-
tain d//dV. These STM and CITS measurements were performed on multi-
ple independently prepared samples, and the characteristic structural and
electronic features were reproducibly observed across different sessions
(see Figures S8 and S9, Supporting Information).

Data obtained from STM and CITS measurements were analyzed using
a combination of open-source and custom-built tools, as described below.
STM images were analyzed using Gwyddion. For the analysis of the d//dV
dataset, a custom Python script was employed to generate both dI/dV
profile maps and d//dV spectra. To evaluate the stripe periodicity from
the profile maps, dI/dV profiles were extracted by averaging the results
over voltage regions exhibiting identical stripe periodicities. The extracted
profiles were then fitted using Sma4 with a multi-Gaussian function, and
the stripe periodicity and its statistical uncertainty were determined from
the peak positions and full width at half maximum of the fits (see Figures
S10and S11, Supporting Information). The d//dV spectra were normalized
by tunneling probability function (T) using Microsoft Excel to obtain the
(dI/dV)/T curve,[*1] from which the LDOS peak positions were analyzed
via multi-Gaussian fitting using Sma4.

Theoretical Calculations: DFT calculations were performed with the
Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional using the
projector-augmented-wave method implemented in the Vienna Ab initio
Simulation Package (VASP) code.[#1:#82] The plane-wave energy cut-off was
set to 400 eV. The number of k-points was chosen so the k-points dis-
tance is below 0.15 A='. For example, for slabs with 2 x 1 surface cell
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Figure 5. DFT-calculated models of Mn bilayers on Fe(110) surface. a—d) Side (top) and top (bottom) views of the Mn bilayers on the Fe(110) with
various spin configurations. Arrows labeled ‘T" and ‘R’ indicate the trench and ridge regions in the stripe pattern of the Mn, layer (see Figure 2f), while
‘Ty", ‘T,’, and ‘R’ indicate two distinct trenches and a ridge region of Mn,,4 layer (see Figure 3f). Green and yellow arrows represent the orientation of
magnetic moments obtained from the DFT-calculations. The Mn monolayer with in-plane row-wise FM/AFM ordering is also shown as a reference in

the lower part of each top view. The atoms highlighted by the boxes in b and ¢ represent FM-coupled Mn pairs (see text for details).
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(dimensions 2.8 x 4.0 A), a 16 x 12 x 1 k-point mesh was used. The opti-
mized lattice constant of bulk Fe is 2.834 A, and the magnetic moment is
2.205 . Both values agree well with the experiment (2.86 A, 2.22 pg).[83]
The surface with a slab of six Fe(110) layers was modeled, of which the
lower three were fixed to the bulk positions. All other atomic positions were
optimized until the forces were below 0.1eV A~". Repeated slabs were sep-
arated by 13 A vacuum. The results were well converged as a function of
slab thickness, vacuum space, and a number of k-points, as it had checked
with test calculations eight Fe layers, 22 A vacuum, and k-point distance
0.1A~". Because the electron correction effect might play a role in Mn, the
DFT+U approach was also tested,[#4] where an effective on-site Coulomb
interaction term (U-J) of 2 eV was used.!®3] However, the obtained results
did not differ from the DFT results (with U = | = 0) in any significant
way.

Supporting Information

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