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M
agnetic skyrmions are localized
spin configurationswith awhirling
configuration.1,2 They are extreme-

ly well defined given that they always
occur with a specific rotational sense. In
addition, they are topologically stable: they
cannot be deformed to a ferromagnetic or
other magnetic state without overcoming
an energy barrier. Due to this robustness,
these particle-like skyrmions offer new
exciting possibilities for spintronic appli-
cations, using them as carriers of digital
information.3,4 Recently, an atomic-scale
two-dimensional magnetic skyrmion lattice
that is stabilized by Dzyaloshinskii�Moriya
interactions at the Fe/Ir(111) interface has
been discovered using spin-polarized scan-
ning tunneling microscopy (SP-STM).5 The
selective writing and deleting of individual
nano-skyrmions by injecting a spin-polarized
tunneling current into a bilayer metal system
has already been demonstrated.6 It was
also reported that very low current densities
are sufficient to move a skyrmion, compared
to the current-induced movement of a do-
main wall.7,8

Up to now, interface-stabilized nano-
skyrmion lattices in metal films have been
studied only on metallic bulk single-crystal
substrates.5,6,9,10 Similar to the Si-based tech-
nology of today, an important prerequisite

for future skyrmion-based spintronic appli-
cations is the mass production of skyrmionic
devices using multilayer growth. In past
years, heteroepitaxial growth of Ir on Si(111)
with an yttria-stabilized zirconia (YSZ) buffer
layer has been developed.11,12 Using Si wafers
as substrates, this technique can be easily
implemented into standard Si-based fabrica-
tion. Ir/YSZ/Si(111) wafers of up to 4 in. in
diameter have already been prepared and
characterized, revealing basically twin-free
heteroepitaxial Ir(111) filmson theYSZ/Si(111)
support with low mosaic spread (e0.2�).12,13

In our study, we epitaxially grow Fe onto
the Ir/YSZ/Si(111) surface and test the system
for a magnetic nano-skyrmion lattice. After
we deposited nominally 0.8 atomic layer (AL)
of Fe on the substrate, the sample was
inserted into the microscope and cooled to
our measurement temperature of 26.4 K.

RESULTS AND DISCUSSION

A topography overviewof a typical sample
is shown in Figure 1a. A small ac modulation
voltage (Umod = 40 mV, f = 4.333 kHz) was
added to the applied sample bias voltage
U in order to record the spatially resolved
differential tunneling conductance, dI/dU,
by a lock-in technique simultaneously to
the constant-current topography image.
The topography is overlaid with the dI/dU
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ABSTRACT Growth, electronic properties, and magnetic properties of an Fe

monolayer (ML) on an Ir/YSZ/Si(111) multilayer system have been studied using

spin-polarized scanning tunneling microscopy. Our experiments reveal a magnetic

nano-skyrmion lattice, which is fully equivalent to the magnetic ground state that

has previously been observed for the Fe ML on Ir(111) bulk single crystals. In

addition, the experiments indicate that the interface-stabilized skyrmion lattice is

robust against local atomic lattice distortions induced by multilayer preparation.
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signal in Figure 1a. Regions of monolayer (ML) cov-
erages coexist with regions of the bare Ir surface. The
dI/dU signal reveals an electronic contrast between
them. Small double-layer (DL) areas are also present.
While the Fe ML appears flat, the Fe DL shows a
reconstruction due to strain relaxation.14

The Fe growsmainly at the step edges of the Ir surface,
as it is also known from the step-flow growth mode on
the Ir(111) bulk single crystal.14,15 Beside an intrinsic
curved step at the top of the image, straight steps
running along the main crystallographic directions can
be observed, which are characteristic for the underlying
Ir/YSZ/Si(111) surface.16 These steps of atomic height are
slip lines that result from gliding processes or dislocation
movements in the Ir film occurring during the thermal
treatment of the Ir/YSZ/Si(111) substrate. They arise due
to the different thermal expansion coefficients of the
individual components of the Ir/YSZ/Si(111) multilayer
system. The directions of the slip lines reflect the hex-
agonal sample symmetry. Since the Fe grows at all of
these step edges, they lead tomultiple growth directions
of the Fe film. Likewise, additional slip lines evolve when
cooling to low temperature for the SP-STM experiments,
resulting in multiple breakups of the Fe ML and DL
patches, as is observed in Figure 1a.

On the Ir surface, as well as on the Fe ML, shallow
protrusions are visible. These defects that have been
found on the bare substrate before originate from
sputtering during sample preparation.16 They aremost
likely caused by Arþ ions incorporated into the Ir film.
For Ir(111) single crystals, these volume defects can be
removed by flash annealing after sputtering at tem-
peratures between 1350 and 1800 K.10,15 In the case
of Ir/YSZ/Si(111), temperatures above ∼1300 K cannot
be applied because they result in a dewetting of the
metal film.16

Besides the electronic contrast between Fe and Ir,
the signal of the differential tunneling conductance,
dI/dU, in Figure 1a reveals two different types of Fe ML
areas. A closer view of an area that exhibits both types
of ML patches is shown in the inset of Figure 1b. For
Fe/Ir(111), it is known that the ML grows in two dif-
ferent in-plane commensurate stackings, face-centered
cubic (fcc) and hexagonal close-packed (hcp).14,15 They
can be distinguished by their different electronic struc-
ture. In Figure 1b, constant-height dI/dU spectroscopy
curves, taken on the Ir/YSZ/Si(111) surface and the two
different types of FeML areas, are shown. For both types
of ML areas, a broad empty-state peak at positive
sample bias voltage is observed. The predominant type
exhibits a peak at U≈þ500 mV, which is typical for the
fcc stacking, as has been observed in experimental
spectra for Fe on Ir(111).14 For the scarce ML patches,
the peak is shifted to U ≈ þ350 mV, which is also
consistent with experimental spectra taken on hcp-
stacked Fe on the Ir(111) single crystal.14 We conclude
that the bright Fe ML patches in Figure 1a grow in hcp
stacking, whereas all of the other areas of ML coverage
exhibit an fcc stacking. Thepreferenceof the fcc-stacked
regions results from the high density of slip lines
where Fe continues the arrangement of the Ir atoms
and therefore grows in fcc stacking. Summing up, our
measurements show that the electronic properties of
a submonolayer coverage of Fe on Ir/YSZ/Si(111) are
equivalent to those on the (111) surface of Ir bulk single
crystals, despite substantial variations in surface topo-
graphy induced by sample preparation.
The observed electronic equivalence raises the

question about the magnetic properties of the Fe/Ir/
YSZ/Si(111) multilayer system in comparison to the
topographically much simpler Fe/Ir(111) bulk single-
crystal system. A closer view of the area marked in
Figure 1a is shown in Figure 2a. The constant-current
SP-STM image shows an extended fcc-stacked Fe ML
film that is broken by two slip lines running from the
bottom to the top of the image. At the top of the image,
an Fe DL region with its reconstruction is observable. It
is broken by a slip line that runs, in this case, horizon-
tally through the image. At the bottom, a small region
of the bare Ir surface is visible. On the Fe ML, a regular
superstructure is observed. In SP-STM, the spin-
polarized tunneling current depends on the relative

Figure 1. (a) Topography of 0.8 AL Fe on Ir/YSZ/Si(111)
overlaid with the simultaneously recorded dI/dU signal
(U = 260 mV, I = 1 nA). The Fe ML grows at the intrinsic step
edges and the slip lines of the Ir surface (white arrows).
Small Fe DL islands are visible. Slip lines that evolve when
cooling the system for the experiments break up the already-
grown Fe film (red arrows). Defects resulting from sputtering
of the substrate are visible on Ir and Fe (encircled). (b)
Constant-height spectroscopy above Ir and hcp and fcc Fe
ML (stabilization parameters: I = 1 nA,U = 1 V). A typical peak
at U ≈ þ350 mV is visible for the hcp stacking, whereas it is
located at U ≈ þ500 mV for the fcc stacking (positions
marked by arrows). Inset: Closer view of the area marked in
(a) showing both types of ML areas.
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orientation between the tip and the local sample
magnetization.17 Consequently, the variation of the
tip�sampledistance in constant-current SP-STMexperi-
ments on an electronically homogeneous system re-
flects themagnetic structure of the surface. In Figure 2b,
a zoomed-in image on the Fe ML is shown. It reveals a
square lattice symmetry of the superstructure. The line
profile in Figure 2c takenalong thedirection indicated in
(b) reveals a periodicity of about 1 nm and a corrugation
of about 6 pm. Figure 2d shows the Fourier transform
(FT) of the SP-STM data of Figure 2b, revealing six
distinct spots. The spots marked with black circles
correspond to the square lattice shown in the inset of
Figure 2b, with an observed angle between the lattice
vectors θ = 91 ( 3� and a lattice constant of 1.02 (
0.08 nm. The observed square lattice resembles the
magnetic contrast that has been found for the FeML on
Ir(111) single crystals.5,9,10 It can be assigned to a sky-
rmion lattice that is stabilized at the interface between
Fe and Ir(111). The corresponding magnetic unit cell is
known to have a a size of approximately 1� 1 nm2 and
consists of about 15 atoms. Both the observed angle
between the lattice vectors and the lattice constant
reproduce well the experimental findings on the Ir(111)
bulk single crystal.5,9,10 Note that themeasured corruga-
tion along the horizontal direction is stronger than that
along the vertical direction in our experiment, which is
attributed to a canted tip magnetization.18 In the FT
shown in Figure 2d, this results in a variation of the
magnetic contrast spot intensities. The FT spots marked
in the dashed circles indicate a periodicity that is
reduced by a factor of

√
2 compared to the magnetic

unit cell. They are attributed to the tunneling anisotropic
magnetoresistance (TAMR) effect that can be observed
at low bias voltages.5,19,20 In summary, our experiments
demonstrate that the magnetic ground state of the

Fe ML on an Ir/YSZ/Si(111) substrate is identical to
that on the (111) surface of Ir bulk single crystals.
The magnetic nano-skyrmion lattice of the Fe ML is also
observed on a Si-wafer-based multilayer system that is
fabricated by industrial preparation techniques.
Zooming out of the sample area of Figure 2a reveals

the magnetic square lattice evolving also on the top
left and bottom right FeML area, as shown in Figure 3a.
As mentioned before, they are separated from the
middle Fe ML patch by slip lines. On each ML patch,
a sputtering defect is visible, causing a local protrusion.
Interestingly, the magnetic square lattice is observable
even on these local defects. A closer view of themiddle
ML area with the sputtering defect is shown in
Figure 3b. The square unit cell of the superstructure,
which resembles the unit cell of themagnetic skyrmion
lattice, is clearly visible all over the defect and even on
top of it. No distortion of themagnetic skyrmion lattice
is observed. The line profile in Figure 3c, taken along
the direction indicated in (b), reveals that the defect
exhibits a maximum height of h ≈ 43 pm and is about
8 nm wide. Taking the interatomic distance a/

√
2 with

the lattice constant a = 2.22 Å of Ir into account, we
determine that the local stress is relieved over approxi-
mately 25 atoms in the horizontal direction. Hence, the
vertical lattice displacement between next neighbors
can be estimated to 1.7 pm, which is about 1% of the
distance of the (111) planes in Ir. Obviously, the sky-
rmion lattice is robust against local atomic lattice
distortions induced by structural point defects.

CONCLUSIONS

In summary, our SP-STM experiments at low tem-
perature show that amagnetic nano-skyrmion lattice is
formed in the Fe ML on the Ir/YSZ/Si(111) multilayer

Figure 3. (a) Constant-current SP-STM image of the sample
around the area shown in Figure 2a. On the Fe ML, sputter-
ing defects are visible (marked by arrows). (b) Closer view of
the area marked in (a). Also on the sputtering defect, the
square lattice is visible. (c) Line profile along the direction
indicated in (b). Themaximumheight of the defect is≈43pm
(U = 10 mV, I = 4 nA, T = 26.4 K).

Figure 2. (a) Constant-current SP-STM image of the sample
areamarked in Figure 1a. (b) Closer viewof the fcc FeMLarea
marked in (a). A square lattice is visible. The inset shows a
schematic. (c) Line profile along the direction indicated in (b).
(d) Fourier transform of (b). Black circles mark the contribu-
tion from themagnetic unit cell, and dashed circles the spots
caused by the TAMR effect (U = 10 mV, I = 4 nA, T = 26.4 K).
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system. Despite substantial variations in surface to-
pography, such as volume defects, slip lines, and
multiple growth directions induced by multilayer
preparation, the electronic and magnetic properties
of the Fe ML on the Si-wafer-based substrate are
comparable to those that have been observed on
the Fe ML on Ir(111) bulk single crystals. Our experi-
mental results pave the way for the use of multilayer

substrates in magnetic surface studies by SP-STM
that are based so far on single-crystal metal sub-
strates. Being performed on an up-scalable Si-based
substrate, our work promotes spintronic applications
of nano-skyrmions as carriers of digital information
that can be fabricated on a wafer scale by industrial
processes that are fully compatible with standard
semiconductor technology.

METHODS
The experiments were performed under ultrahigh vacuum

(UHV) conditions with a pressure below 1 � 10�8 Pa using
a home-built spin-polarized scanning tunneling microscope at
variable temperatures. Within our experimental setup, the
entire microscope including the tip is cooled to maximize the
thermal stability. For the SP-STM experiments, antiferromag-
netic bulk Cr tips were used to avoid an undesired dipolar
coupling with the sample.18 All experiments presented in this
paper have been performed at a temperature of 26.4 K and in
the absence of any external magnetic field. The Ir/YSZ/Si(111)
multilayer system was prepared in Augsburg according to
a previously described method.12 A (111)-oriented Si wafer
was first covered by a YSZ layer with a thickness of 150 nm
by means of pulsed laser deposition from a ZrO2 target
containing 6.5 mol % of YO1.5.

21 The YSZ serves as a buffer
layer, preventing silicide formation of the metal with the
subjacent silicon. In addition, it transfers the epitaxial orienta-
tion from the Si single crystal to the metal film. On top of the
YSZ layer, a 600 nm thick Ir film was deposited by mole-
cular beam epitaxy. The first 20 nm was grown at a rate of
0.004 nm/s at 920 K. For the remaining 580 nm, the growth rate
was increased to 0.02 nm/s and the temperature decreased
to 820 K. This procedure guaranteed flat films with high
structural perfection, as proven by a polar and azimuthal
mosaic spread of 0.089� and 0.075�, respectively. For the
present experiments, the high total thickness facilitated re-
peated sputtering and annealing cycles. However, for future
applications, an identical functionality can be achieved with Ir
film thicknesses well below 100 nm. The 10 � 10 mm2 pieces
were cut from the wafers, mounted to sample holders, and
introduced into the UHV chamber in Hamburg. The Ir/YSZ/
Si(111) substrate was then prepared in situ by sputtering with
Arþ ions at room temperature and annealing under an oxygen
atmosphere at 820 K, followed by a high-temperature flash
(1060 K). Iron was deposited by molecular beam epitaxy at
elevated substrate temperature (450 K).
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