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The magnetization patterns on three atomic layers thick islands of Co on Ru(0001) are studied by spin-
polarized low-energy electron microscopy (SPLEEM). In-plane magnetized micrometer wide triangular
Co islands are grown on Ru(0001). They present two different orientations correlated with two different
stacking sequences which differ only in the last layer position. The stacking sequence determines the type
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of magnetization pattern observed: the hcp islands present very wide domain walls, while the fcc islands

present domains separated by much narrower domain walls. The former is an extremely low in-plane an-

isotropy system. We estimate the in-plane magnetic anisotropy of the fcc regions to be 1.96 x 10* J m™
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1 Introduction

Two-dimensional magnetism' has a rich history that started in
the first part of the XXth century with the discussion of the
Heisenberg and Ising Hamiltonians.> Further theoretical
developments included the Mermin-Wagner theorem that pre-
cluded long-range order for an isotropic system.> The experi-
mental realization of a two-dimensional magnetic system
involves three distinct families of materials, which are chrono-
logically described in ref. 1: (i) quasi-2D magnetism in bulk
compounds with weak interlayer interactions, first discussed
in the 50s, (ii) Fe, Co and Ni metallic ultrathin films (down to
a single atomic layer®®) on different single crystal metallic sub-
strates, where magnetic order was first observed in the early
90s, and (iii) van der Waals materials showing ferromagnetic
ordering, discovered in the last decade. The latter field has
been growing rapidly in the last few years.® These 2D magnets
show exotic physical phenomena as well as the possibility of
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and of the hcp ones to be 2.5 x 102 m™>.

tuning magnetism by electric fields, strain, chemical
functionalization or stacking engineering.” Most of these
materials are layered, cleavable transition-metal chalcogenides
and halides; so, although very interesting from the fundamen-
tal point of view, these materials are not currently easy to grow
and integrate on top of spintronic devices.® Thus, the realiz-
ation of 2D magnetic systems consisting of metallic films a few
atoms thick supported by non-magnetic materials remains an
active field of research. In fact, we note that such systems have
been originally proposed as the best realization of 2D ferro-
magnets with exact XY symmetry.’

The control of magnetism in these ultrathin metal films is
governed by magnetic anisotropy, whose physical origin lies in
the competition between the magnetic dipolar interaction and
the spin-orbit interaction that gives rise to the magnetocrystal-
line anisotropy. Although the magnetic anisotropy energy is
larger in thin films and surfaces than in bulk materials,'® in
the former case it is still only a few meV per atom. It can thus
be readily modified by strain,"® temperature,’> or
adsorbates,"®™"” providing tools to control the magnetization.

Here we study the case of 3-atoms thick cobalt films sup-
ported on a Ru(0001) substrate. Cobalt layers a few atoms thick
on Ru(0001) are 2D-magnetic systems that present long range
order: a film one atomic layer thick has a Curie temperature of
200 K and in-plane magnetization, films two atoms thick have
a Curie temperature of 500 K and out-of-plane magnetization,
and films three atoms thick have again an in-plane magnetiza-
tion and a Curie temperature above 600 K.> Ab initio
calculations™'® have shown that the spin reorientation tran-
sitions arise from a combination of strain and surface effects.
Recent work has taken advantage of the low magnetocrystal-
line anisotropy of the monolayer-thick Co films on Ru(0001) to
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study skyrmion formation under low magnetic fields'>*° or
even proximity superconductivity effects," promoting Co films
a few atomic layers thick on ruthenium as a novel quantum
material.

Bulk cobalt presents two different close-packed crystal
structures: hep at low temperatures and fce at higher tempera-
tures. The transition between them, at a temperature of 690 K,
is a classic martensitic transformation.?> The low transition
temperature is reflected in the low stacking fault energy in
both structures.*® It has been noted long ago that the grain
size affects the stable structure.>* When growing Co on single
crystal metal substrates, it is not uncommon to obtain a
different stacking sequence from the bulk hcp. For example,
films of tens of atomic layers on Pt(111) present an fcc stack-
ing sequence.>® Thus, cobalt layers a few atoms thick are an
excellent system to study the effect of stacking in a 2D system.
Up to two layers, Co films on Ru present only one stacking
sequence. Regions one and two atoms thick follow the Ru hcp
stacking sequence. Using the ABC naming scheme for the
possible position of each hexagonal layer, the stacking
sequence on a given Ru terrace can be described as abA and
abAB respectively for one and two-layer regions, with lower
case indicating the Ru layers, and upper case the Co layers (we
are disregarding here the presence of a moiré pattern between
the Ru substrate and the Co layers for regions thicker than one
atom).>® However, on islands three atoms thick the top layer
can be located in two different positions:*® either abABC or
abABA sequences can be found. The first case corresponds to
an fcc sequence, while the second corresponds to an hcp
sequence. As both islands have the same strain state, this
opens up the way to study the effect of the stacking sequence
on the magnetic properties in the thinnest possible system
where such a stacking difference between hexagonal layers can
exist.

In this work, we explore the dependence of the magnetic
texture on the stacking sequence for 3-atoms-thick Co regions
by spin-polarized low-energy electron microscopy (SPLEEM?”),
finding that the effective anisotropy changes by two orders of
magnitude.

2 Experimental methods

The experiments have been performed using a spin-polarized
electron microscope (SPLEEM?*®) of the National Center for
Electron Microscopy, part of the Molecular Foundry in the
Lawrence Berkeley National Laboratory. This instrument®
allows acquisition of low-energy electron images with magnetic
contrast using a spin-polarized electron beam for illumination,
whose spin orientation can be selected along any desired
direction.®® The base pressure of the main chamber, where the
growth of the Co films takes place under observation in real
time by SPLEEM,*' is in the low 107" mbar. The Ru(0001)
single crystal substrate has been cleaned by repeated cycles of
consecutive exposures to oxygen and flashing to 1700 K. Before
cobalt growth, the sample was flashed several times in vacuum
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to remove all the oxygen. The cleanliness of the films was
checked by Auger electron spectroscopy. The growth has also
been performed using the same recipe in synchrotron experi-
ments in the past,®* where neither contamination nor oxi-
dation was detected by X-ray absorption spectroscopy. Cobalt
films have been grown from a doser with a Co rod heated by
electron bombardment inside a cooling water jacket, with the
pressure remaining below 7 x 10™** mbar. The doser is cali-
brated by measuring the time required to complete the first
layer of cobalt on ruthenium.>® The typical flux is one (atomic)
monolayer (ML) every 3 minutes. The growth temperature was
600 K, measured using a type C thermocouple. All observations
have been performed in situ.

Micromagnetic simulations were performed with the
MuMax3 software® using an Nvidia GeForce GTX 1660 Ti with
6 GB. The simulations were performed in a slab with typical
voxel sizes of 1 nm x 1 nm x 0.6 nm. For the simulation of the
experimental magnetic texture, the geometry was taken from
the experimental images and the voxel size was 2.8 nm x
2.8 nm x 0.2 nm. The choices of material parameters are dis-
cussed when the simulation results are presented.

3 Results

At the growth temperature employed, cobalt on Ru(0001)
grows layer-by-layer in the form of triangular islands coales-
cing into complete layers.>® The in-plane lattice spacing of
films thicker than a single layer is relaxed close to the Co-bulk
value. Relative to the underlying Ru there are different absorp-
tion sites for the 1st cobalt layer atoms in multilayer films,
mostly hep and fee but also bridge and on-top positions, as
shown by the presence of a moiré pattern.”® But within the
film itself, there is only one stacking sequence up to a thick-
ness of two monolayers.>® Three atom-thick islands can be
grown to be up to several micrometer wide.*> Those islands
present two different stacking sequences reflected by the in-
plane orientation of their triangular shape:*° islands with
different stacking sequences are outlined green and red in
Fig. 1(a).

Fig. 1 (a) LEEM image with a 12 um field of view (FOV) from a film of Co
on Ru(0001). The two types of islands with different stacking sequences
—hcp and fcc—are outlined in red and green respectively. (b) SPLEEM
image of the same area, corresponding to in-plane magnetization. The
sample is imaged at 400 K.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Top: schematic of the fcc and hcp growth stacking sequences of
3 ML cobalt islands. SPLEEM images of several islands. Top row: fcc and
hcp islands, respectively, on the same substrate terrace. Bottom row: fcc
and hcp islands on another Ru terrace where the orientation of the
islands is different. All the images are acquired with a start voltage of 7.5
eV and correspond to a FOV of 2.8 um. The sample is imaged at 400 K.

The two different stacking sequences (indicated in the sche-
matic of Fig. 2) are named ABC (for the fec stacking sequence)
and ABA (for the hcp stacking sequence). They have been identi-
fied in ref. 26 using low-energy electron diffraction (LEED) inten-
sity vs. energy curves acquired from each island type, by compari-
son with multiple scattering calculations, and correlated with
their triangular orientation. Furthermore, the two types of islands
have different electron reflectivities at particular energies acquir-
ing images with the specular beam. It has also been found that
the islands that grow from the step edges present preferentially
an hep stacking sequence. SPLEEM microscopy used in the
present work does not allow acquisition of selected area diffrac-
tion patterns, so the identification of each island type relies on
the electron reflectivity differences and the identification of the
shape of islands grown from the step edges.

Strain effects are often relevant for nanostructures®® and
ultrathin films alike. In fact, the spin-orientation for a Co layer
film can only be explained by the expanded lattice parameter
of that single layer when compared with bulk Co.” The strain
state of the two islands can be obtained from the LEED pat-
terns acquired from each type of island:*® within the experi-
mental error, both types have the same lattice parameter and
thus have the same strain state. This is not unexpected, as they
share the same underlying two layers.

This journal is © The Royal Society of Chemistry 2023
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We use spin-polarized LEEM (SPLEEM) to determine the
magnetization pattern in remanence (i.e. with no applied mag-
netic field) on each type of island. In SPLEEM, a spin-polarized
electron beam is used to acquire low-energy electron
microscopy (LEEM®') images.” As described in detail in our
published work,>**3® the pixel-by-pixel asymmetry between
the LEEM images acquired with opposite spin-polarization
provides a nanometer-resolution map of the component of the
magnetization along the selected spin-direction: bright (dark)
areas indicate that the local surface magnetization has a com-
ponent parallel (anti-parallel) to the spin-polarization direction
of the electron beam, while gray areas signal a zero magnetiza-
tion component. In particular, the magnetization component
imaged in the presented SPLEEM images corresponds to a
direction rotated 33° counterclockwise of the y-axis of the
figure. The area surrounding the islands is covered with a com-
plete film 2 ML thick. Those areas are magnetized with the
easy-axis out-of-plane, as observed in the SPLEEM images with
out-of-plane contrast, in agreement with previous reports.’
They thus appear gray in Fig. 1(b) or 2. The domain patterns
observed on the 3 ML Co islands belong to two different
classes. One is a pattern composed of domains separated by
narrow domain walls between them, often dividing each tri-
angle into three regions, as shown in the two images on the
left side of Fig. 2. The other class comprises either single
domain islands or islands with a very wide domain wall, as
shown in the right side of Fig. 2.

Although in Fig. 1 it would seem that the correlation is
between the island orientation and the magnetization pattern,
we show in Fig. 2 that the correlation is not with the orien-
tation itself, but rather with the island stacking sequence. On
Ru(0001) the substrate termination changes at consecutive ter-
races due to its hep stacking sequence,”” so the particular
identification of islands with a given orientation changes from
terrace to terrace.>*® Nevertheless, we have shown that the par-
ticular stacking sequence of each island can be determined by
LEEM images at particular electron energies and by compari-
son with the shapes of islands growing from an upper sub-
strate step.’® In the images presented in Fig. 2, the top row
islands are on the same substrate terrace, and the lower ones
are on a different substrate terrace. Moving from one terrace to
another one where the fcc islands have a different orientation
(compare the left upper image of Fig. 2 with the left lower
one), the pattern is still composed of sharp domain walls.
Likewise for the hcp islands: the two islands on the right hand
side of Fig. 2 are nearly single domains irrespective of their
particular orientation.

In all cases, the walls are of the Néel type: the magnetiza-
tion is always within the film plane. This is to be expected
given that the thickness of those areas is 0.6 nm (3 atomic
layers). In the fcc islands (left column in Fig. 2) the domain
walls observed have a typical width of 0.24 + 0.02 pm. In the
hep islands, the domain wall width is comparable in size with
the islands, giving rise to either single domain islands or, at
most, islands with a wide domain wall that occupies most of
the island (see the right side of Fig. 2). We note that in all
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Fig. 3 (a) Reconstruction of the vector magnetization from the images
acquired at three orthogonal directions. (b) Micromagnetic simulation
relaxing the experimental configuration presented in (a). The SPLEEM
images were measured at a sample temperature of 387 K.

cases the width of the walls is much larger than for bulk Bloch
walls in Co (~30 nm *?).

The domains in the fcc islands, as shown in Fig. 2,
resemble closure domains where the magnetization follows
the sides of the islands, as observed in magnetite islands.*°
However, we need to consider not one component but the full
vector of the magnetization. As SPLEEM allows us to change
the illumination electron beam spin direction, we can recon-
struct the vector magnetization by measuring SPLEEM images
with the spin direction along three non-coplanar directions.
The vector magnetization is shown in Fig. 3a using a hue scale
for the in-plane direction and saturation for the out-of-plane
component. The 2 ML areas have out-of-plane magnetization.
The domains of the 3 ML islands, instead, are in-plane.’ The
domain pattern in the fcc island is not a closure domain, and
the magnetization direction in each domain is not parallel to
each side. For single domain islands, the magnetization vector
in the out-of-plane magnetization of the 2-layer thick sur-
rounding area is such as to close the magnetic flux that arises
from the 3-layer island.

4 Discussion

We have observed that the domain wall width thus depends on
the stacking sequence in 3 ML thick islands. What is the
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origin of such a difference? The domain wall width is deter-
mined by the ratio of the exchange stiffness and the effective
in-plane magnetic anisotropy. The effective in-plane anisotropy
in such thin films is typically a combination of interface and
magnetocrystalline anisotropies.

The exchange stiffness A, itself is not expected to depend
strongly on the stacking sequence. Moreno et al.*® in particular
searched for a possible dependence of the exchange stiffness
on the stacking sequence® and none was found. We thus
assume that both the hcp and the fcc islands have the same
exchange stiffness. The change in the domain wall width
should then arise because of changes in the in-plane an-
isotropy. We further note that the interface or other anisotro-
pies should be the same in the two types of islands, as the
lower two layers and the interface with the Ru are identical, as
well as their strain states.”® Thus the differences should arise
specifically from a dependence of the magnetocrystalline an-
isotropy on the stacking sequence of the last Co layer.

While it might be surprising that the magnetocrystalline
anisotropy would change so much with the change in the
stacking of a single atomic layer, such a large difference is
suggested from the differences between bulk fcc and hep Co
magnetocrystalline anisotropies. Hep Co has a strong uniaxial
anisotropy in the direction perpendicular to the basal (0001)
plane, of the order of K; ~ 4.5 x 10° ] m™3.*! Within the basal
plane, the first magnetocrystalline anisotropy is the fourth
order term which has an in-plane six-fold symmetry,
K, sin® @ cos 6¢, with 6 being the polar angle and ¢ the azi-
muthal one. At room temperature, K, is 5.5 x 10> J m™3.*! Fcc
Co, on the other hand, is a cubic structure that has a substan-
tial first order anisotropy of K. = —2.7 x 10* J m™.*? So it is
reasonable to expect that the effective in-plane anisotropy
might be lower for the hep than for the fec islands.

However, it is known that the magnetocrystalline anisotro-
pies in the bulk can differ substantially from the ones for
ultrathin films. Furthermore, effective anisotropy includes also
interface or surface terms. So we proceed to obtain them from
the experimental observations. In order to do so, we first need
the exchange stiffness for a 3 ML thick Co film. We use as the
starting point the value obtained by Moreno et al.*° for bulk
Co. For 2 ML and 3 ML regions, we scale the bulk value®*® by
the ratio of the Curie temperature of each region to the 1400 K
bulk value. The Curie temperature for the 1 ML region is
200 K. For the 2 ML region we have measured that the Curie
temperature is 500 K.> We lack an experimental estimate of the
3 ML case, as we only know that it is higher than 600 K.
However, at higher temperatures dewetting and alloying
already take place in the Co-Ru system.*® So instead of
measuring it experimentally, we assume a linear dependence
on the number of layers, following Schneider et al.* This pro-
vides an estimate of the Curie temperature for 3 ML regions of
800 K. We thus estimate the exchange stiffness for 2 and 3 ML
regions to be 1.28 x 107" J m™ and 2.05 x 107" J m™*
respectively.

In the absence of experimental data, we assume that the
saturation magnetization should be the same through the

This journal is © The Royal Society of Chemistry 2023
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film, and we set it to the bulk value of 1.83 T, i.e. Mg = 1.46 x
10°Am.*

In the case of fcc islands for which the domain walls are
well defined, we can wuse the classic dependence
Spw = n\/A/Kegs. However, such expression is only valid for
thicker films. To minimize the magnetostatic energy of the
wall with decreasing film thickness, the Néel wall width
increases.” In order to determine the proper relationship, we
perform micromagnetic simulations on a rectangular slab, 4 pm
long and 0.5 pm wide. The cell height of the simulation corres-
ponds to the thickness of the experimental film (0.6 nm), while the
in-plane size has been selected to be 1 nm wide. The material para-
meters used were Mg = 1.46 x 10° A m™" and A, = 2.05 x 107! J
m™. The cubic in-plane anisotropy was varied until the experi-
mental domain width of 0.24 pm was obtained. The required in-
plane anisotropy was found to be 1.96 x 10* ] m™>, If we consider
that our islands present a (111) orientation with the sides along the
(110) in-plane directions, the cubic anisotropy axis would be along
the (111) directions, which makes a 19° angle with the plane. Thus,
we estimate the cubic anisotropy to be 2.1 x 10* ] m™3, which is sur-
prisingly similar to the bulk value (2.7 x 10* ] m™ (ref. 42)) even if
the domain wall width is an order of magnitude larger than that for
bulk Co,* highlighting the role of the magnetostatic energy in
determining the wall width in such an ultra-thin system.

For the hcp islands, the domain wall width is not well
defined, other than being of the order of the island size. Using
the same micromagnetic calculation would give an in-plane
anisotropy of the order of 10* ] m ™ for a micron-sized domain
wall. For lower anisotropies, the system relaxes to a single
domain state in the micromagnetic simulation. To provide an
alternative way of estimating the anisotropy in the hcp islands,
we use the fluctuations that have been observed in the
domains on the hcp islands upon increasing the temperature.
While for 400 K no changes in the domains are observed (see
Fig. 1), for a temperature of 500 K (Fig. 4) we observed changes
in the domains within 10 s. We then use the classic estimate
of the switching time 7 of a magnetic particle 74/7y = exp(KegV/
kgT), with T as the measurement temperature, V as the volume
of the island, 7, as an attempt frequency of the order of 10™"°
s, and kg as the Boltzmann constant. This provides an estimate
of K = 2.5 x 10 ] m™>. The effective anisotropy of the hcp

+14 sec

0 sec

+8 sec +12 sec

Fig. 4 SPLEEM images at a temperature of 500 K with in-plane contrast
along an angle of 135°. A fluctuating domain is marked with a circle in
an hcp island.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

islands is nearly two orders of magnitude smaller than that of
the fcc islands. Even if it is not zero, this might well be one of
the systems that more closely resembles the prediction of the
lack of magnetic anisotropy in a hexagonal 2D magnetic
system, put forward by Pokrovsky and others.’

Using those material parameters, we carried out a micro-
magnetic simulation for a region with the same dimensions as
the experimental one shown in Fig. 3a. The cell in-plane width
was 2.8 nm and the cell height has been set to 0.2 nm, in
order to use two cells for the 2 ML areas, and three cells for
the 3 ML areas. We remark that the micromagnetic approxi-
mation fails at the border between both regions, as the change
in angle between adjacent cells is too large. Thus no perfect
agreement should be expected at the boundaries between both
regions as atomistic spin dynamics should be required there.
However far from the step edges the micromagnetic approxi-
mation is valid. For the 2 ML regions that present out-of-plane
magnetization,” we use a uniaxial magnetocrystalline an-
isotropy in the out-of-plane direction of 1.39 x 10° ] m™ (to be
compared to the shape anisotropy of 1.33 x 10° ] m™3). For the
fce islands and hcep islands respectively, we use the experi-
mentally determined 2.1 x 10* J m™ and 2.5 x 10> ] m ™. The
result is shown in Fig. 3b.

The relaxed configuration is very similar to the experi-
mentally measured one, including the directions of the
domains, the domain wall widths, and even the domains
observed in each island. This similarity suggests that all the
physics in our films is adequately captured by a micromagnetic
simulation with the indicated material parameters, without the
need to invoke additional terms or the influence of defects. This
indicates that we can correctly predict the behavior of such ultra-
thin magnetic nanostructures by employing micromagnetic
simulations without resorting to atomistic spin dynamics
studies, at least within the lateral scale of several nanometers.

5 Conclusions

We have determined the origin of the magnetic anisotropy
between 2D systems of Co layers three atoms thick which differ
only in the stacking of the third layer. Islands with different
stacking sequences present markedly different magnetic
domain wall widths, while their shape, size and strain state are
identical. The experimental observations allow the estimation
of the effective in-plane magnetocrystalline anisotropy for each
stacking sequence, which is of the order of 1.96 x 10* ] m~> for
the fcc one and 2.5 x 10> ] m™ for the hcp one. The latter case
is very close to the experimental realization of a 2D system
with hexagonal symmetry which should have no in-plane an-
isotropy in a large temperature range.’
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