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Pb-induced skyrmions in a double layer of Fe on Ir(111)
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Spin-polarized scanning tunneling microscopy reveals that the spin-spiral period of a two-atomic-layer-thick
Fe film on Ir(111) roughly doubles upon covering the system with a monolayer of Pb. The spin spirals have a
zigzag shape and are guided by structural dislocation lines. In contrast to the spin spiral in the bare Fe double
layer, the magnetic state of the Pb-covered Fe film responds to an external magnetic field: the spin spiral breaks up
into segments, reminiscent of the spin-spiral state in the Fe triple layer on Ir(111), where the external magnetic
field induces magnetic skyrmions. This demonstrates that the tuning of noncollinear spin textures is not only
possible by interface engineering based on transition metals, but also with other metallic adlayers such as Pb

with a filled 4 shell.
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I. INTRODUCTION

In recent years, a lot of research effort has been invested
into the search for materials hosting magnetic skyrmions.
These magnetic quasiparticles are localized whirls in the
magnetization, which are stabilized against collapse by the
Dzyaloshinskii-Moriya interaction (DMI) [1-4]. They are
often induced by external magnetic fields out of a spin-
spiral ground state [5,6]. Such spin spirals typically result
from a competition of ferromagnetic exchange interaction
and strong DMI; the latter favors an orthogonal alignment of
adjacent magnetic moments and in addition imposes a unique
rotational sense. DMI can arise due to spin-orbit coupling
in systems with broken inversion symmetry, such as chiral
bulk crystals [5,6], but also at surfaces or interfaces [2].
The interplay of the magnetic interactions determines the
nature of the magnetic ground state. To find materials that
exhibit spin spirals and skyrmions with beneficial properties, a
detailed knowledge of how to fine tune magnetic interactions
is desirable.

The magnetic ground state of thin films is strongly de-
pendent on the interfaces, a fact which is exploited in recent
material-based research for skyrmions in magnetic multilayer
systems [7-9]. One interface with a particularly strong DMI
is Fe/Ir(111) [10], and the ground state of an Fe monolayer
on Ir(111) is a nanoskyrmion lattice with about 13 atoms
per skyrmion [10,11]. Based on this interface, a tuning of
the magnetic state has been demonstrated by incorporating
H atoms [12] or by covering the Fe with transition-metal
overlayers. In particular, a Pd overlayer results in a spin-spiral
ground state with a period of about 6 nm, out of which
skyrmions can be induced by applied magnetic fields [13]; a
Rh overlayer induces 1.0-1.5 nm one-dimensional magnetic
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states [14]; a Ni overlayer leads to a ferromagnetic ground
state [15]; additional Fe layers result in spin spirals with
periods of about 1.5 nm for the Fe double layer (Fe-DL) [16]
and 3-10 nm for the Fe triple layer (Fe-TL) [17,18]; the latter
exhibits skyrmions in applied magnetic fields.

In the present work, we choose Pb as an overlayer material
and investigate its impact on the spin-spiral state of the Fe-DL
on Ir(111). Lead is an element with large spin-orbit coupling,
making it a candidate also for large DMI when interfaced with
a magnetic layer. It has a filled d-electron shell, which might
give rise to very different hybridization with the 3d magnetic
transition-metal Fe, compared to the previously studied 3d
and 4d overlayers [13-18]. Finally, Pb is superconducting
below its critical temperature of 7.2 K. An interface between
a magnetic film with noncollinear spin texture and one with
superconductivity is believed to exhibit exotic behavior re-
garding both modifications of the spin polarization in the
magnet as well as the properties of the superconductor, e.g.,
induced topological superconductivity [19,20].

II. EXPERIMENTAL DETAILS

We used (spin-polarized) scanning tunneling microscopy
(SP-STM) [2,21] for the investigation of the structural and
magnetic properties of our samples. The experiments were
performed in ultrahigh vacuum (UHV; base pressure in the
low 107'mbar range) at a measurement temperature of
4.2 K. The UHV system includes separate chambers for sam-
ple cleaning, material deposition, and STM measurements.
The Ir(111) substrate was cleaned by cycles of 800 eV Ar-ion
sputtering at room temperature for 20 min, at an Ar pres-
sure of about 8 x 107> mbar, with subsequent annealing at a
temperature of about 1600 K for 90 s. During Fe deposition,
the sample was heated to about 330°C. The Fe deposition
rate was about 0.5 atomic layers (AL) per min. Because
room-temperature growth of Pb results in intermixing of the
Pb with the Fe film, in this work the Pb deposition was
performed in a cooling stage with the sample held at a
temperature of about 140 K. About 0.5-0.9 AL of Pb were
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FIG. 1. SP-STM measurement of Pb on Fe on Ir(111). (a) Par-
tially differentiated topography. An elongated Pb island on the Fe-DL
is labeled, and buried step edges of the Ir substrate are indicated by
dotted lines. (b) Simultaneously measured d//dU map. Note that
the line perpendicular to the dislocation lines on both the Fe-DL and
the Pb/Fe-DL is an artifact of the digital feedback loop. U = —1V,
I =1nA,T=42K.

deposited onto the Fe/Ir(111) sample with a rate of roughly
3 AL per hour. STM topography images were measured in
constant-current mode, and maps of the differential conduc-
tance (d1/dU) were recorded simultaneously using a lock-
in amplifier. Electrochemically etched chromium bulk tips
without further treatment were used for the presented spin-
resolved measurements.

III. EXPERIMENTAL RESULTS

The topography of a typical sample of Pb on Fe on Ir(111)
is shown in Fig. 1(a), with two buried step edges of the Ir
substrate indicated by the dotted lines. An area of the Fe
double layer (Fe-DL) is labeled and the dislocation lines,
which form due to strain relief [16], are visible. Whereas
the first atomic layer of Fe on the Ir(111) is pseudomorphic,
i.e., the lateral distances of the Fe atoms adapt to the Ir
substrate, the second Fe layer releases some epitaxial strain
by incorporating additional rows of atoms and thus forming
dislocation lines running roughly along [112] directions. This
results in a variation of the Fe adsorption site along [110]
alternating from fcc to hep hollow sites with bee-like areas in
between [16]. The apparent height of a single atomic layer of
Pb grown on the Fe-DL also reflects the dislocation lines; see
the labeled elongated island in Fig. 1(a). The simultaneously
measured dI/dU map in Fig. 1(b) shows a lower signal
for the Fe-DL compared to the Pb/Fe-DL. On both areas,
modulations of the signal are visible, which originate from
local electronic differences due to the dislocation lines as well
as the magnetic contrast due to spin-polarized tunneling.

The structure and magnetic state of the Fe-DL and the
Pb/Fe-DL can be analyzed better in Fig. 2, which shows a
closer view of a Pb monolayer island on the Fe-DL. In the
topography image in Fig. 2(a), it becomes apparent that the
dislocation lines continue from the Fe-DL to the Pb island, as
indicated by the black lines. In the center of this Pb mono-
layer island, the distance between identical dislocation lines
is roughly 6.5 nm. In the simultaneously recorded dI/dU
image, shown in Fig. 2(b), a magnetic signal is visible both
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FIG. 2. (a) SP-STM measurement of a Pb island on the Fe-DL on
Ir(111) (partially differentiated topography), showing the dislocation
lines in the Fe-DL as well as in the Pb island. (b) Simultaneously
acquired d1/dU signal, which exhibits a zigzag magnetic contrast
both on the Fe-DL and the Pb/Fe-DL with different periods. The
lines indicate the turning points of the zigzag pattern, which are at
the same positions for the Fe-DL and the Pb/Fe-DL. Note that the
darker d1/dU signal at the bottom left and bottom right of the Pb
island originate from small islands of Fe instead of the Pb overlayer.
(c) d1/dU line sections along the Pb/Fe-DL and the Fe-DL spin
spirals taken at the positions indicated with the dark- and light-gray
rectangles in (b), respectively. U = —1V, [ =1nA, T =4.2K.

for the Fe-DL as well as the Pb/Fe-DL. As reported previ-
ously [16], in the Fe-DL the dislocation lines guide a magnetic
spin spiral along [112]; in this sample area, this spin spiral
has a period of about 1.8 nm. It exhibits a zigzag-shape wave
front due to the underlying atomic structure, and the kinks
of the zigzag pattern are located at the lines of Fe atoms in
fcc and hep hollow sites. We also find a zigzag pattern on
the Pb/Fe-DL, which propagates in the same direction as the
one on the Fe-DL and also has the kinks on the same lines;
see dashed lines in Fig. 2(b). We attribute this contrast to
a spin-spiral state in the underlying Fe-DL. Whether or not
the Pb itself is magnetically polarized cannot be derived from
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FIG. 3. Closer view of a Pb/Fe-DL area with (a),(c),(e),(g)
topography images and (b),(d),(f),(h) simultaneously measured
dI/dU maps. The applied bias voltage is varied and indicated in
the images. Note that the topographic images are scaled to the same
height difference. (i) and (j) are profiles along the rectangles shown
in (a) and (b). I = 1nA, T = 4.2 K. For the bias dependence of the
uncovered Fe-DL, refer to Ref. [16].

these experiments, but due to the closed d shell, we consider
a large magnetic polarization of Pb unlikely. Note that a spin-
polarized tunnel current can also occur when a monolayer of
nonmagnetic atoms covers a magnetic material because the
vacuum density of states can be highly spin polarized even
when the surface atoms are nonmagnetic [22,23]. Figure 2(c)
displays line profiles of the d1/dU signal along the two spin
spirals of the Pb-covered and the uncovered Fe-DL taken at
the positions indicated by the rectangles in Fig. 2(b). Measur-
ing about 3.1 nm along [112], the periodicity of the spin spiral
on the Pb/Fe-DL is nearly twice that of the uncovered Fe-DL.

Based on density-functional-theory calculations [12], the
spin-spiral state of the Fe-DL on Ir(111) has been attributed to
strongly frustrated exchange interactions, where the nearest-

FIG. 4. (a) Topography of a sample area with two Pb islands
on the Fe-DL (partially differentiated). (b)—(f) Corresponding spin-
resolved dI/dU maps at different external magnetic fields B as
indicated. With increasing B, the zigzag spin spiral on the Pb
island vanishes, segment by segment. Note that the tip is unchanged
throughout the series, and changes in the dI/dU signal reflect
changes of the spin texture of the sample (U = —1V, [ = 1nA,
T =4.2K).

neighbor Heisenberg exchange J; is ferromagnetic and the
next-nearest-neighbor exchange J, is antiferromagnetic with
a ratio of 2:1 between them. The DMI selects the rotational
sense, but because it is only 4% of the strength of Ji, it is of
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minor importance for the small period length of the spin spiral
in the Fe-DL. We find that the hybridization of the Fe-DL
with the Pb leads to a strong increase of the spin-spiral period.
Because of the large spin-orbit coupling of the Pb, one could
argue that the effective DMI of the Fe film will be strongly
affected due to the additional contribution from the Pb/Fe
interface. However, because neither the strength nor the sign
of the DMI at the Pb/Fe interface is known, predictions for
the effective DMI, or whether an increase or decrease of the
spin-spiral period is expected, are not possible. An alternative
mechanism to induce a longer spin-spiral period is a larger
ratio of J; / J,, for instance by an increase of J; or a quenching
of J, due to the hybridization with the Pb overlayer.

Figure 3 shows a smaller area of the Pb/Fe-DL, measured
at different bias voltages as indicated, with topography images
in the left column and the corresponding d1/dU maps in
the right column. Here, the dislocation lines are running
vertically and, depending on the bias voltage, one can see in
the topography two different alternating lines as in Fig. 3(a)
or just one type of line as in Fig. 3(g). Here, the brighter
lines visible at all displayed bias voltages can be correlated
with bec-like areas of the underlying Fe-DL, whereas the lines
with smaller apparent height in Fig. 3(a) correspond to the
alternating lines of Fe atoms in fcc and hcp hollow sites.
Also, the amplitude of the magnetic signal depends strongly
on the applied bias voltage and, in the topography, it is large at
—0.2 V [Fig. 3(¢c)], whereas it is negligible for the other shown
bias voltages. At positive bias voltages, a faint additional
hexagonal superstructure of dark dots is visible, which is of
structural origin. A close comparison of the position of the
zigzag wave front with the position of the dislocation lines
again demonstrates that the kinks of the wave front are located
at the fcc and hep stacked lines of the underlying Fe-DL. In
this sample area, the distance between identical dislocation
lines is 6.9 nm and the magnetic period along [112] is 2.9 nm.

Figure 4(a) shows the topography of another sample with
two Pb/Fe-DL areas, again appearing brighter in the corre-
sponding dI/dU map in Fig. 4(b). Whereas the magnetic
state of the uncovered Fe-DL remains unchanged in external
magnetic fields (at least up to 9 T) [16], we observe an impact
of the applied magnetic field on the zigzag spin spiral in the
Pb/Fe-DL; see d1/dU maps in Figs. 4(b)—4(f), all measured
with the identical tip. The magnetic field aligns the spin spiral
segment by segment, starting between 2.5 and 5 T. While the
magnetic state does not change between B = 0T [Fig. 4(b)]
and B = 2.5 T [Fig. 4(¢c)], clearly some parts of the spiral have
vanished at B = 5T [Fig. 4(d)]. With higher magnetic fields
[Figs. 4(e) and 4(f)], the field-polarized area increases and,
at B = 6T [Fig. 4(f)], only a few fragments of the spiral are

left. Not only the length scale and the zigzag shape of the
spin spiral of the Pb/Fe-DL are reminiscent of the magnetic
state in the Fe-TL on Ir(111), but also the qualitative magnetic
field dependence with the stepwise disappearance of the spin
spiral is similar [17,18]. Because in both cases the remaining
spin-spiral segments are multiples of the dislocation line
distance, we conclude that pinning of the magnetic texture to
dislocation lines plays a role for this unusual magnetic field
dependence. We find that the transition field for the Pb/Fe-DL
of about 2.5-5 T is higher than the one of about 1-2 T for the
Fe-TL, which we attribute at least in part to the smaller net
magnetic moment in the Pb/Fe-DL. Because of the similarity
to the Fe triple layer, where the magnetic objects induced
by applied fields are distorted magnetic skyrmions [17], and
because of the large DMI at the Fe/Ir interface, we also con-
clude that the spin-spiral segments in the Pb/Fe-DL represent
topologically distinct magnetic skyrmions.

IV. CONCLUSION

We have shown that the magnetic state of a two-atomic-
layer-thick Fe film on Ir(111) covered by a single atomic Pb
layer is a spin spiral with a period of about 3 nm. This is
about two times larger compared to the spin spiral without
Pb. However, other properties such as the coupling of the
propagation direction to the dislocation lines and the zigzag
shape of the wave front of the spin spiral are common to
both systems. Measurements in external magnetic fields have
shown that in contrast to the uncovered Fe-DL, the Pb/Fe-DL
reacts to external magnetic fields. At applied fields around
5 T, the spin spiral disappears segment by segment, and
the observed magnetic objects are considered to represent
magnetic skyrmions. This shows that a tuning of magnetic
states by hybridization with additional metallic layers is not
limited to transition metals, but that other materials such
as Pb also can be used to tailor complex spin textures. We
anticipate that a thicker Pb layer will not substantially change
the properties of the Fe film, enabling the creation of an
interface of superconducting Pb with a magnetic film that
hosts a noncollinear spin texture.
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