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Revealing the correlation between real-space structure and chiral magnetic order at the atomic scale
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We image simultaneously the geometric, the electronic, and the magnetic structures of a buckled iron bilayer film
that exhibits chiral magnetic order. We achieve this by combining spin-polarized scanning tunneling microscopy
and magnetic exchange force microscopy (SPEX) to independently characterize the geometric as well as the
electronic and magnetic structures of nonflat surfaces. This new SPEX imaging technique reveals the geometric
height corrugation of the reconstruction lines resulting from strong strain relaxation in the bilayer, enabling the
decomposition of the real-space from the electronic structure at the atomic level and the correlation with the
resultant spin-spiral ground state. By additionally utilizing adatom manipulation, we reveal the chiral magnetic
ground state of portions of the unit cell that were not previously imaged with spin-polarized scanning tunneling
microscopy alone. Using density functional theory, we investigate the structural and electronic properties of the
reconstructed bilayer and identify the favorable stoichiometry regime in agreement with our experimental result.
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Chiral magnets, exhibiting magnetic skyrmions [1–4], have
attracted much interest recently due to their potential appli-
cation for nanoscale magnetic storage [5,6]. The dominating
mechanism responsible for generating stable noncollinear con-
figurations of the spin is the Dzyaloshinskii-Moriya interaction
(DMI), which favors orthogonal configurations of the spin
[7,8]. One key challenge for magnetic data storage is to
generate isolated skyrmions with nanometer-scale sizes [9,10].
Tremendous effort has been made toward this end to stabilize
isolated skyrmions at room temperature [5,11–13] or with
length scales down to the nanometer scale at low temperatures,
utilizing hybrid transition-metal interfaces to pin skyrmions at
various types of defects [10]. In the latter case, the presence
of isolated or arrays of defects raises the question how strong
structural relaxations [14], such as surface reconstruction or
buckling, simultaneously affect the various exchange inter-
actions, geometric structures, and electronic properties, thus
affect the magnetic order as well as the dynamics of chiral
magnetic structures [15,16].

The most prevalent magnetic imaging technique that can
access the magnetization of surfaces and interfaces at the
atomic scale is spin-polarized scanning tunneling microscopy
(SP-STM) [17]. Despite its overwhelming success over the past
decade in characterizing surface and interfacial magnetism,
SP-STM lacks the capability to solely detect either the topo-
graphic height profile or the magnetic structure as the tunneling
current depends on the structural as well as the electronic
and magnetic properties, which cannot easily be decomposed.
In contrast, noncontact atomic force microscopy (NC-AFM)
gives more accurate structural information as it is sensitive to
the forces between the probe and the surface [18]. Combined
with magnetic sensitvity, NC-AFM can probe the magnetic
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exchange force at the atomic scale, referred to as magnetic
exchange force microscopy (MExFM), yet it has been proven
to be difficult to apply [19–22]. Up to now, there has been no
demonstration of the combination of these methods to reveal
the interplay between real-space and electronic structures and
its effect on magnetic order at the atomic scale.

Here, we use the recently developed combination of SP-
STM and MExFM (SPEX) [23] together with ab initio methods
to deconvolute the real-space structure of a reconstructed
bilayer of Fe on Ir(111) from the electronic and magnetic
structures, which exhibit an atomic-scale spin-spiral ground
state. We find that, in contrast to previous studies based
solely on SP-STM [24], the larger height corrugation of the
reconstruction lines as measured by NC-AFM is linked to a
lower intensity spin-spiral structure in SP-STM. Furthermore,
using a combination of SPEX and manipulation of adsorbed
Fe adatoms, we address regions in the unit cell which were
previously uncharacterized and extract the complete magnetic
structure in relation to the geometric structure of the Fe bilayer.
All these measurements provide an essential ingredient for
ab initio calculations of such complex structures, and by con-
sidering various stochiometries we explain the reconstruction
of the Fe bilayer.

Fe layers and single Fe adatoms were deposited in situ on an
Ir(111) surface cleaned in UHV and subseqently characterized
with an STM/AFM based on the qPlus tuning fork method [25]
(PtIr or Fe tips) at T = 6.3 K (see the Supplemental Material
[26]). We performed density functional theory (DFT) calcula-
tions using the Vienna ab initio simulation package [27–30].
We employed projector augmented plane waves [31,32] with
the generalized gradient approximation exchange-correlation
functional in the parametrization of Perdew-Burke-Ernzerhof
[33]. As cutoff energy of the plane waves 300 eV was chosen,
a �-centered Monkhorst-Pack mesh [34] of 1×5×1 k points
was used containing three k points in the irreducible part of the
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FIG. 1. (a) Large-scale constant current SP-STM image (Vs =
50 mV, IT = 100 pA, Fe tip) and constant frequency shift MExFM
image (�fset = −12 Hz, zmod = 100 pm, and Vs = 0.1 mV, Fe tip).
Both images: 43.5×43.5 nm2. Scale bars are 10 nm. Color scales are
(a) 0.4–500 pm and (b) 220–240 pm.

Brillouin zone for the 9×1×1 supercell in the orthorhombic
setting, which contains 18 Ir atoms per substrate layer. The
in-plane lattice constant was kept constant at 2.70 Å. The
two Fe layers were allowed to relax until residual forces
were smaller than 0.01 eV/Å, whereas the positions of the
Ir atoms were kept fixed (see the Supplemental Material
[26]). Magnetic moments were initialized in the ferromagnetic
order. The crystal structures were visualized using the software
VESTA [35].

Figure 1 illustrates a characterization of the bilayer Fe on
Ir(111) utilizing SPEX imaging, which exhibits a periodic
network of reconstruction lines (RLs). This network has been
described in a recent work to originate from uniaxial strain
relief between the pseudomorphically grown first Fe layer and
the second-layer Fe atoms [24]. This RL network hosts a spin-
spiral texture and forms 120° rotational domains as detailed
by magnetic-field-dependent measurements in Ref. [24]. The
SP-STM image [Fig. 1(a)], acquired with an Fe bulk tip
sensitive to the out-of-plane magnetization, shows RLs with
lower (dark) and higher (bright) intensities, marked by a single-
and a double-headed arrow, respectively. The typical spacing
between two bright RLs is 3.3 ± 0.2 nm, which is smaller
than the recently reported spacing of 5.2 nm [24]. Along the
bright and dark RLs, bright protrusions with a periodicity
of 1.24 ± 0.05 nm are observed, which correspond to the
out-of-plane magnetic moments of the cycloidal spin spiral
that runs along the RL [24]. We note that the appearance of the
spin contrast of the spin spirals strongly depends on the bias
voltage (see the Supplemental Material [26]).

The MExFM image in constant frequency shift mode
[Fig. 1(b)] gives more insight into the height corrugation
derived from the RLs. The total force between the Fe bulk tip
and the surface responsible for the image contrast consists of
various force contributions, which are long- and short-range
magnetic forces, van der Waals forces, as well as short-
range chemical forces. We exclude local contributions from
electrostatic forces due to the metallic substrate. The arrows in
Fig. 1(b) mark the same location of the bright and dark RLs as
in Fig. 1(a). Interestingly, the dark RL in the SP-STM image
corresponds to a brighter contrast in the MExFM image, which
we interpret as a height corrugation of the Fe bilayer. Likewise,
the bright RL in the SP-STM image corresponds to a smaller

FIG. 2. (a) Constant-current STM (Vs = 50 mV, IT = 100 pA,
PtIr tip) and constant frequency shift NC-AFM images (flattened by an
offset, �fset = −40 Hz, zmod = 100 pm, and Vs = 0.1 mV). (c) Line
profiles of the STM and NC-AFM images along the horizontal lines
as indicated in (a) and (b). The NC-AFM has been smoothed prior to
taking the line profile by a Gaussian filter with two points. (d) Atomic
resolution STM image (flattened by an offset, Gaussian smoothed
by two points, Vs = 1 mV, IT = 48 nA, PtIr tip) and the inset shows
the fast Fourier transform (FFT) of (d). Sizes: (a) 8.5×7.3 nm2, (b)
8.5×7.3 nm2, and (d) 6.8×3.3 nm2. Scale bars are 1 nm for all images.
Color scales are (a) 0–54 pm, (b) 1–11 pm, and (d) 0–28 pm. The
arrows indicate equivalent positions in all images.

corrugation in the MExFM image. This is counterintuitive and
shows that the electronic/magnetic and topographic structures
of the bilayer are all strongly convoluted in SP-STM and that
it is not possible to unambiguously extract the exact geometric
structure from SP-STM alone.

Next, we focus on the vertical relaxations resulting from
the RLs. In order to exclude magnetic contributions, we used a
nonmagnetic PtIr tip attached to the qPlus sensor. Figures 2(a)
and 2(b) show STM and NC-AFM images, respectively, of
a closeup view of one RL domain. In agreement with the
data acquired with the magnetic Fe tip (Fig. 1), a RL with
a larger apparent height in the constant current STM image
[Fig. 2(a)] corresponds to a smaller corrugation in the NC-
AFM image [Fig. 2(b)] and vice versa (indicated by the single-
and double-headed arrows). From line profiles [Fig. 2(c)] we
extract 4.7 ± 1 pm for the larger and 2.2 ± 1 pm for the smaller
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height corrugation in NC-AFM images, respectively. The given
error margins include uncertainties of the piezoconstants, the
noise extracted from raw data line profiles of NC-AFM images,
as well as the variation of the corrugation values for different
reconstruction lines. Compared to that, the apparent-height
corrugation in the STM image is about one order of magnitude
larger than in the NC-AFM image. These findings from
combined STM and NC-AFM images indicate that the film
exhibits strong vertical relaxations within the unit cell, and
thus the Fe film cannot be considered flat [10] necessitating
the characterization of SPEX imaging for such strongly relaxed
surfaces.

By bringing the PtIr tip closer to the surface, we resolve the
previously uncharacterized atomic lattice utilizing constant-
current STM imaging [Fig. 2(d)]. The atomic lattice spacing
in the [11̄0] direction varies between 2.0 and 2.7 Å as indicated
by the elongated spots of the FFT (the inset). We further
find that the atomic lines along the [11̄0] direction do not
form rows but rather exhibit a pattern reminiscent of thin
transition-metal films [36–38], which can be seen by following
the atom positions (bright spots) along the horizontal line in
Fig. 2(d). Along this line we extract that 16 atoms are located
between the two dark RLs. The Fe atoms in the first layer
grow pseudomorphically on the Ir(111) atomic lattice with a
nearest-atom spacing [39] of 2.72 Å. Considering the spacing
of the RLs (3.3 ± 0.2 nm) we extract a compression along the
[11̄0] direction between 7% and 8% in the Fe bilayer. This is
comparable with the compression for the previously suggested
model of the atomic arrangement in the Fe bilayer where a
variation of the atom stacking among fcc, hcp, and bcc areas has
been suggested and a compression of 5% to 6% has been stated
[24]. However, the RL network in our Rapid Communication
deviates from recent findings: First, the spacing in between
the RLs is smaller in our Rapid Communication. This might
be a consequence of different film preparation procedures as
described in the Supplemental Material in Ref. [26]. Second,
from NC-AFM and MExFM images we extract a height corru-
gation up to 5 pm, which has not been described in the previous
work in which the structure was considered to be planar. Using
SPEX imaging, we can obtain complementary information,
which provides direct information on the vertical relaxation for
strained film structures providing necessary input for ab initio
methods.

In Fig. 3(a), a simulated STM image is presented along with
the atomic structure of the reconstructed overstoichiometric
(10:9) surface, which is energetically the most favorable. In
total, we calculated reconstruction energies of five different
surface structures of which two form a reconstructed domain
pattern and the remaining three are pseudomorphic homoge-
neous surfaces with bcc-like stacking as well as fcc and hcp
stackings of the Fe (top) layer (see the Supplemental Material
[26]). The STM image [Fig. 3(a)] was obtained from the
electron density calculated 100 pm above the surface layer
arising from the electronic states at the Fermi energy, which is
proportional to STM current intensities. The Fe (top) atoms at
the surface form a periodic structure (orange atoms) where two
differently oriented bcc domains are tilted against each other
and twisted with respect to the Fe (bottom) layer (blue atoms).
As a consequence, the atomic rows are not straight but follow a

FIG. 3. Characterization of the reconstructed overstoichiometric
(10:9) surface from ab initio supercell calulations. In (a), a simulated
STM image is presented along with the atomic structure of the
reconstructed surface. In (b), a more detailed analysis of the atomic
and electronic structures along the two atomic rows indicated in (a)
is given.

zigzag pattern as indicated in Fig. 3(a). The domain boundaries
are formed by lines of surface atoms Fe (top) possessing fcc or
hcp stacking, which appear bright in the STM image, whereas
the interior of the bcc domains appears dark.

Figure 3(b) shows a more detailed analysis of the atomic and
electronic structures along the two atomic rows indicated in (a).
The relative heights of the Fe (top) atoms are shown in orange
and red. The reconstructed surface exhibits a strong buckling
with two different types of maxima in both RLs: hcp atoms are
higher than fcc atoms by up to 3.4 pm. In the blue colors, the
electron densities along the same rows obtained at a height of
100 pm above the surface (as in the simulated STM image) are
given. Counterintuitively, the higher hcp regions at distances
of 0.0, 2.4, and 4.8 nm possess lower electron densities
than the lower fcc regions at distances of 1.2 and 3.6 nm.
The higher hcp RLs appear slightly darker in the STM image
than the lower fcc RLs. The low-lying atoms within the bcc
domains appear darkest. Altogether, our simulated STM image
of the overstoichiometric (10:9) surface agrees well with the
findings from atomically resolved STM as well as combined
STM/NC-AFM images (Fig. 2). In particular, the existence of
hcp and fcc RLs with different geometrical heights will have
consequences for the magnetic structure as the DMI is strongly
dependent on the surface geometry. Our results also show that
STM imaging alone cannot reveal the real-space structure as it
convolutes the electronic structure and the surface relaxation.
In contrast, NC-AFM can reveal the real-space structure
independent of the surface electron density which is essential
for consideration of complex magnetic structures [10].
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FIG. 4. (a) Constant-current SP-STM (Vs=50 mV, IT=100 pA,
Fe tip) and constant frequency shift MExFM image (flattened by
an offset, smoothed by a Gaussian filter with two points, �fset =
−19 Hz, zmod = 100 pm, and Vs = 0.0 mV, Fe tip). Scale bars are 1
nm. The tip magnetization is out of plane as indicated by the symbol.
(c) and (d) Constant-current SP-STM images (Fe tip, Vs = 50 mV,
IT = 100 pA, smoothed by Gaussian filter two points); scale bars are
2 nm. Color bar: (a) 0–56 pm; (b) 0–5 pm; (c) and (d): 0–76 pm. The
Fe adatom (the white circle) was moved in between the dark and the
bright spin spirals. The reference atom R rests at the same position
(see the Supplemental Material [26]). (e) Apparent height �h of the
adatom versus the distance �dy to the reference atom R when moved
along a line in between the dark and the bright spin spirals. The y

direction is defined in (c).

We note that the observed domain width (and bilayer
stoichiometry) is determined by the supercell size, which
is limited by computational cost. Thus, different periodicity
lengths of the domain structure are possible and depend pre-
sumably crucially on the preparation conditions of the bilayer
as evidenced by the different RL spacings found in our and
the previous work (see the Supplemental Material [26]). The
main features of the reconstructed surface structures, however,
will remain unchanged: (1) prevalence of bcc domains and (2)
tilt-domain boundaries formed by fcc and hcp atoms resulting
in pronounced buckling of the surface layer.

Now that the structural model has been established, we
finally analyze the magnetic structure of the Fe bilayer using
SPEX in combination with single adatom manipulation to
characterize regions of the unit cell previously uncharacterized.
A closeup view of one domain of the spin-spiral network is
shown in Figs. 4(a) and 4(b). The SP-STM image agrees with
previous measurements [24]. In addition, however, we also
observe the spin spiral in the MExFM image, which can be
clearly discerned on the RLs with the lower corrugation and is
resolvable on the RLs with larger corrugation as also seen in the
overview MExFM image in Fig. 1. Although the SPEX images
reveal the out-of-plane magnetization on the RLs, we cannot

conclude what the magnetization of the atoms between the
RLs is due to the inherent topographic and electronic contrast
variations. Therefore, we utilize a deposited Fe adatom and
manipulate its position with respect to the surface magnetic unit
cell to infer the magnetization (see the Supplemental Material
[26] and Ref. [40]). This is performed in the following manner:
(1) additional Fe adatoms are evaporated onto the surface and
(2) one adatom is manipulated along a row in between a dark
and a bright RLs, and the changes in spin contrast between the
moved adatom and a reference adatom (remaining at a fixed
position) is compared. We presume that the deposited adatoms
are strongly exchange coupled to the surface and electronically
equivalent. Therefore, their intensity reflects the change in the
magnetic state of the underlying spin spiral without strongly
perturbing the underlying magnetic state as long as the cover-
age is dilute. Figures 4(c) and 4(d) show SP-STM images of an
Fe adatom (white circles) that has been manipulated in between
the area of bright and dark RLs. We reproducibly moved an
individual Fe adatom over about 100 different positions (see the
Supplemental Material [26]). As seen from Figs. 4(c) and 4(d),
the apparent height of the Fe adatom varies depending on the
position.

To systematically investigate the apparent-height variation
of the Fe adatom, we consider the apparent-height difference
�h between the Fe adatom and the reference Fe adatom
(R) whose apparent height does not change during the entire
manipulation process. Figure 4(e) shows the dependence of
�h along the y direction [as defined in Fig. 4(c)]. The apparent
height oscillates at different positions along they direction with
the same periodicity as the spin spiral (between 1.2 and 1.3 nm).
As can be seen from Figs. 4(c) and 4(d), the apparent-height
variation of the Fe adatom is phase shifted by 180◦ with respect
to the contrast of the spin spiral. Along the direction orthogonal
to the y direction, �h does not vary significantly (see the
Supplemental Material [26]).

We conclude from our data that the out-of-plane magnetic
moment of the adatom alternates along the [112̄] direction
whereas the variation along the [11̄0] is small. Our observation
is in agreement with a previously suggested magnetic structure
[24] if we assume that the Fe adatom exhibits an inversion of
the spin polarization with respect to the underlying Fe bilayer
[41,42].

To summarize, we used the new SPEX imaging technique
together with ab initio DFT calculations to experimentally
delineate the interplay between surface reconstruction and
magnetic structure of the spin-spiral network in Fe bilayers
on Ir(111). We show that the reconstruction lines are subject to
a substantial vertical corrugation (�z ≈ 5 pm), resulting from
the energetically favorable overstoichiometric surface, which
we measured by NC-AFM and confirmed using DFT. Our
results illustrate that strong relaxation effects due to defects
or strain cannot be extracted from SP-STM measurements
alone and may be an important consideration for ab initio
calculations of the magnetic structure as well as in thin
magnetic films [10]. These strong structural relaxations may
have an important effect on the exchange interactions and
potentially on the DMI that stabilize the magnetic texture of the
bilayer by modifying the interfacial hybridization and therefore
require careful consideration.
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