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Spin-resolved scanning tunneling spectroscopy measurements at low temperatures were performed for Co
nanostructures on Pt�111�. On Co monolayer islands and wires the electronic structure changes on the scale of
a few atoms due to the changing local stacking of the Co atoms. First-principles calculations for pseudomor-
phic fcc and hcp stacked Co monolayers assign the dominant feature in the measured spectra to a d-like surface
resonance of minority-spin character which shifts in energy because of a different coupling to the Pt substrate.
Despite the heterogeneous electronic structure of the Co monolayer, the out-of-plane magnetized domains are
clearly observed. While the domain wall width measured on wires is less than 4 nm there is no indication for
a change in the magnetization direction for islands with a base length up to fifteen times the domain wall width.
Furthermore, the magnetic hysteresis in an ensemble of out-of-plane magnetized Co monolayer as well as
double-layer nanostructures was observed. While the coercivity for the monolayer nanostructures is about
0.25 T, double-layer islands show surprisingly large coercivities of more than 2 T.
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I. INTRODUCTION

Cobalt nanostructures on noble metal substrates provide
interesting model systems to study magnetic properties in
reduced dimensions.1–7 In particular the system Co/Pt�111�
has received great attention due to its potential application in
magnetic recording media. Recently a number of experimen-
tal reports have demonstrated the significant interest in the
exciting magnetic properties of low-dimensional Co struc-
tures on Pt�111�: Gambardella et al. showed how magnetic
properties like coercivity and anisotropy can be changed for
low dimensional Co structures like single atoms and wires.1,2

The experiments on single Co atoms located on Pt�111� ter-
races reveal a giant magnetic out-of-plane anisotropy while
the magnetic orientation of ferromagnetic Co wires decorat-
ing Pt step edges is canted with respect to the surface
normal.1,2 Furthermore, an increase of the width of the Co
wires leads to significant changes of the anisotropy direction
and the coercivities.8 Measurements performed on nanoscale
monolayer �ML� high Co islands on Pt�111� by Rusponi et
al. reveal an out-of-plane anisotropy of these structures
which is stabilized to a large extent by the perimeter atoms.3

These interesting results strikingly demonstrate that the mag-
netic properties of structures in the nanometer range cannot
be rationalized without taking into account the dimensional-
ity, size, shape, environment, and interface structure. While
most of the experimental results concerning the magnetic
properties of Co/Pt�111� samples were obtained by spatially
averaging methods based on the magneto-optical Kerr effect
�MOKE� and x-ray magnetic circular dichroism �XMCD�,
there is only one recent spin-sensitive scanning tunneling
microscopy �STM� study which was able to distinguish
double-layer islands with opposite out-of-plane magnetiza-
tion orientations.9

However, Co monolayer and double layers on Pt�111�
have already proven to be complicated systems on the atomic
scale. A detailed insight into the growth and the structural
properties of ultrathin Co films on Pt�111� has been obtained

by STM experiments at room temperature.10,11 Lundgren et
al. �Ref. 11� studied the dislocation network of the Co mono-
layer on Pt�111�, which is formed due to the lattice mismatch
of 9.4% between Pt and Co. They observed that the Co
atoms preferentially occupy fcc sites while a much smaller
number of Co atoms was found on hcp sites. To relieve the
strain structural domain walls are introduced consisting of
Co atoms in bridge site positions. These results indicate a
spatially inhomogeneous electronic structure, which has di-
rect impact on the magnetic properties of this system.

These former STM experiments did not include electronic
structure measurements, and we are not aware of such a
study performed for Co ultrathin films on Pt�111�. Only one
recent scanning tunneling spectroscopy �STS� study on
single Co atoms on Pt�111� showed a spectroscopic differ-
ence of Co atoms occupying different stacking sites.12 Also
investigations of Co nanostructures on other substrates have
shown some interesting properties which may be of impor-
tance for the sample system Co/Pt�111� being the focus of
this work. For instance experiments revealing the electronic
structure of Co nanostructures and films were performed on
Co islands on Cu�111�,4,5,13 on Co/Cu/Co sandwiches,14 and
on ultrathin as well as thick Co films on W�110�15–17 by STS.
For Co islands on Cu�111� and Co films on W�110� it was
possible to distinguish islands and more extended areas of
different stacking spectroscopically.5,13,15,17 In addition, by
performing first-principles electronic structure calculations,
Wiebe et al.17 showed that this observation can be explained
by a different coupling strength of the Co surface resonance
to the bulk states. This surface resonance showed up as a
dominant peak in the differential conductance spectra below
the Fermi energy EF at about −0.3 eV.4,5,14,17 Apart from the
correlation between structural and electronic properties
Pietzsch et al.5 probed the magnetic state of the Co islands
by spin-resolved STS. Besides a large energy-dependent
spin-polarization they found a perpendicular magnetization
of the Co islands and a coercivity between 1.0–1.5 T by
measuring in the presence of variable external magnetic
fields.
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To gain further insight into the interplay between struc-
tural, electronic, and magnetic properties of Co nanostruc-
tures on Pt�111� we performed an extensive study on mono-
layer Co islands and wires. In addition we studied the
magnetic properties of Co double-layer islands on Pt�111�.
We applied the experimental method of spin-polarized �SP�-
STM, which combines a very high lateral resolution with
magnetic sensitivity and gives access to the local electronic
structure.18

This paper is organized as follows: Sec. II gives a brief
introduction into the experimental setup, tip and sample
preparation, and measurement procedures. In Sec. III A the
spatially resolved electronic structure of oppositely magne-
tized Co monolayer islands and wires and its correlation to
the local stacking is shown. These measurements are com-
pared to first-principles calculations of extended pseudomor-
phic hcp and fcc Co monolayer films on Pt�111�. In Sec.
III B we discuss the response of Co monolayer and double-
layer nanostructures to an external magnetic field.

II. EXPERIMENTAL DETAILS

All experiments were performed in a multichamber ultra-
high vacuum system.20 It contains a home-built scanning
tunneling microscope operating with the tip and sample held
at T=13±1 K and several standard devices for preparation
and analysis of samples and tips. Using a superconducting
split-coil magnet a maximum magnetic field B of 2.5 T per-
pendicular to the sample surface is available. The base pres-
sure of the system is in the low 10−11 mbar range.

All topographic STM images were recorded in the
constant-current mode. In this mode the stabilization current
Istab is kept constant with closed feedback while applying a
fixed bias voltage U to the sample. To obtain information
about the electronic structure of the sample the differential
conductance dI /dU�U� signal is measured, which is closely
related to the local density of states �LDOS� of the sample at
the corresponding energy eU.21 In order to perform such
spectroscopy measurements the tip is first stabilized at Ustab
and Istab. Then the feedback is deactivated, the voltage is
swept to a final value, and I�U� as well as dI /dU�U� are
recorded. The dI /dU�U� spectra are obtained by using a
lock-in technique where a small ac modulation voltage Umod
is added to U �f =3.0−4.0 kHz, Umod=20 mV�. This can be
done for each image point thus achieving dI /dU�U� spectra
with high lateral resolution, or so-called full spectroscopy
fields. A less time-consuming method to get access to the
electronic properties of the sample is the measurement of
so-called dI /dU maps at a fixed bias voltage. In contrast to
dI /dU spectra, dI /dU maps are obtained by recording the
dI /dU signal simultaneously to constant-current images with
a closed feedback loop. In the following the spatially re-
solved dI /dU signal at a fixed bias voltage extracted from a
full spectroscopy field is called a dI /dU slice in order to
distinguish it from a dI /dU map.

The Pt�111� surface was prepared by cycles of Ar+-ion
sputtering at room temperature and subsequent annealing at
1500 K for 4 min. Occasionally, an additional annealing at
1000 K in an oxygen atmosphere of 3�10−7 mbar was car-

ried out for 20 min. For monolayer high nanostructures Co
was deposited on the clean Pt�111� surface from a rod in a
water-cooled e-beam evaporator at room temperature. A typi-
cal deposition rate was 0.4 atomic layers �AL� per minute.
We define a coverage of one AL as a complete coverage of
the Pt substrate with Co atoms. To obtain double-layer Co
islands, the Pt crystal was precooled in the microscope to
13 K and then transferred to the evaporation stage. After Co
deposition the sample was slightly annealed to approxi-
mately 340 K which results in double-layer Co islands on the
Pt surface as described in the literature.3

All STM tips were etched electrochemically from poly-
crystalline tungsten wire and flashed in vacuo to 2000 K. For
the spin-resolved measurements the tips were afterwards
coated with thin films of antiferromagnetic �Cr� or ferromag-
netic �Fe� materials.22 The use of magnetic tips allows the
measurement of the spin-resolved dI /dU signal, which de-
pends on the scalar product of tip and sample
magnetization.22 Thereby any differences in spin-resolved
dI /dU signals observed for structures exhibiting the same
spin-averaged electronic structure are due to a different rela-
tive alignment of the tip and sample magnetization vectors.
In the following the appearance of these differences in spin-
resolved dI /dU maps is called magnetic contrast. Since
monolayer and double-layer high Co islands on Pt�111� are
known to exhibit an out-of-plane magnetization3 the largest
magnetic contrast is expected for tips with a magnetization
pointing perpendicular to the surface. It is known that Cr-
coated tips with a coverage below 40 AL are sensitive to the
out-of-plane component of the sample magnetization.23 In
this study the Cr coverage was 15–20 AL. While Fe-coated
tips are usually magnetized in the surface plane, sometimes
they also show an out-of-plane component of the magnetiza-
tion. Using Fe-coated tips �10–15 AL� can be advantageous
due to a higher spin polarization of the electronic states com-
pared to Cr-coated tips. This can lead to a higher magnetic
contrast in dI /dU maps even though the tip magnetization is
mainly in plane. A possible explanation for an Fe tip with a
larger out of plane component, i.e., an unusual anisotropy
direction, is the adhesion of sample material after voltage
pulses which are used in order to sharpen the tip.

III. RESULTS

A. Structure and spin-resolved electronic properties of the Co
monolayer

1. Experimental results

Figure 1�a� shows a topographic image of 0.3 AL Co de-
posited on Pt�111� at room temperature. On the terrace one
atomic layer high Co islands are observed coexisting with
one atomic layer high Co wires at the step edges. The Co
islands are triangularly shaped with a base length from
60 nm down to a few nm. All islands point in the same
direction and some larger ones already show the nucleation
of the second atomic layer on top. The faint lines visible on
the Pt substrate which are indicated by the arrows can be
identified as Co induced double row reconstruction lines.10,24

The inset shows the area marked by the white rectangle at a
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closer view and displays the characteristic two parallel bright
lines on the Pt substrate. The existence of this kind of recon-
struction is indicative of the incorporation of Co atoms into
the topmost Pt layer.24 Since it is known that the double row

reconstruction lines run along �112̄�, i.e., perpendicular to
closed-packed rows, we can conclude that all edges of the Co
islands as well as of the Co wires are parallel to the closed-
packed rows. Furthermore, it can be observed that the rough-
ness of the Co wires is smaller when the Pt step edge runs
along a closed-packed row, as seen in the bottom right part of
Fig. 1�a�.

Figure 1�b� shows two slightly truncated triangular
shaped Co islands. Both exhibit a mostly voltage indepen-
dent narrow dislocation network on top which is always
found for Co monolayer islands as well as wires. Figure 1�c�
displays a magnified view of the area marked by the box in
�b� and reveals that the network is formed by brighter lines
with a relative height of about 10 pm. The same network has
been found in a previous STM study on Co monolayer films
on Pt�111�.11 It is due to inhomogeneous stacking of the Co
atoms caused by the strain of the overlayer. This strain is
induced by the mismatch of −9.4% between the Co and the
Pt lattice and relieved by the formation of dislocation lines.
According to Ref. 11 the Co atoms preferentially occupy the
fcc sites of the Pt lattice. The dislocation lines appear slightly
higher and are formed by Co atoms taking bridgesites sepa-
rating fcc and hcp stacked regions. Taking these results into
account we can assign the more extended areas visible in
Fig. 1�c� to fcc areas while the brighter lines are formed by
Co atoms occupying bridgesites. Furthermore, the narrow
areas in between the lines consist of Co atoms in hcp posi-
tions of the Pt lattice. Figure 1�d� sketches the local stacking
of the Co atoms below the line drawn in �c� which connects
two fcc regions while passing two bridgesite lines and one
narrow hcp area. The smallest distance between two bridge-
site lines is about 8±1 Å, which leads to very narrow hcp
regions of only a couple of atoms �Pt nearest neighbor dis-
tance is 2.77 Å�.

Figure 1�e� shows an out-of-plane sensitive magnetic
dI /dU map recorded simultaneously to Fig. 1�a�. The Pt sur-
face appears homogeneous except above the Co induced
double row reconstruction lines indicated by the arrows.
Above the Co wires and islands a dominating two color con-
trast in the dI /dU signal is found. Since all Co wires as well
as all islands have an identical spin-averaged electronic
structure we ascribe the origin of this contrast to oppositely
magnetized domains of the Co monolayer. We conclude that
the Co monolayer has an easy axis normal to the surface
plane in agreement with former results obtained by spatially
averaging methods for Co on Pt�111� in the submonolayer
regime.3,8,25 This will be proven in Sec. III B. The relative
magnetization direction of the Co nanostructures can easily
be deduced from the dominant colors of the wires and single
domain islands. In addition to the magnetic contrast the ap-
pearance of the dI /dU signal above the nanostructures ap-
pears highly heterogeneous. A comparison of the dI /dU map
of two oppositely magnetized single domain islands in �f� to
the simultaneously recorded topographic image �b� reveals
that these small scale variations of the dI /dU signal are di-
rectly correlated to the reconstruction due to the strain relief.
In order to investigate this correlation in more detail Fig.
1�g� shows a magnified view of the region marked in �f�. By
comparing this dI /dU map �g� to the corresponding topo-
graphy in �c� each dI /dU level can directly be assigned to
the local stacking of the atoms: while fcc and hcp areas show
the same height in topography, both stackings show different
dI /dU intensities and can easily be distinguished. At the ap-
plied bias voltage of −0.6 V the highest dI /dU intensity is
obtained for the hcp-lines followed by the signal above the
bridgesite lines while the fcc areas show the lowest intensity.
Interestingly, we can identify a fourth distinct area in dI /dU
which has not been seen in the topography. This fourth dis-
tinct area is located at positions where three hcp-lines come
together and will be called hcp-dot in the following. By com-
paring the two oppositely magnetized islands in Fig. 1�f� it
becomes obvious that the four stackings are also observed
for the lower island. However, due to the different magnetic

FIG. 1. �Color online� Co monolayer islands
and wires prepared by Co deposition on the
Pt�111� surface at room temperature. Upper pan-
els �a�–�c�: Topographic images. Inset in �a�:
Magnified view of the Co induced double row
reconstruction lines. �d� Sketch of the different
stacking along the line drawn in �c� �Ref. 19�.
Lower panels �e�–�g�: dI /dU maps measured si-
multaneously to the topographic images of the
upper panel with out-of-plane sensitive magnetic
tips.
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state they show different absolute dI /dU intensities com-
pared to the stackings on the upper island.

These results motivate the performance of spatially re-
solved dI /dU spectroscopy. In order to get access to the
spin- and energy-resolved electronic structure of the different
stackings we performed spatially and spin-resolved STS
which is shown in Fig. 2. The very high lateral resolution of
the spectroscopic field enables us to assign the spectra taken
above the Co monolayer atoms to a certain stacking se-
quence. Figure 2�d� shows a dI /dU map of alternatingly out-
of-plane magnetized Co wires. The area where the spin-
resolved dI /dU spectra were taken, is indicated by the white
rectangle. Although the absolute orientation of the magneti-
zation is unknown, we arbitrarily mark the wires by arrows
and refer to upward and downward magnetized wires in the
following. Figure 2�a� shows the dI /dU spectra obtained
above the four different Co stackings on each wire and the
spectrum above the bare Pt substrate �all obtained by aver-
aging approximately 30 spectra�. The Pt spectrum shows no
outstanding spectroscopic features apart from a gently in-
creasing dI /dU signal in the negative voltage range. All
dI /dU spectra of the Co monolayer are also rather feature-
less in the positive voltage range. However, in contrast to the
Pt spectrum they show a pronounced feature below EF, with
the peak energy depending on the specific stacking of the
atoms. Independent of their magnetization direction, fcc-

stacked Co atoms of monolayer wires reveal a distinct peak
located around −0.28 eV below EF. Additionally, a small fea-
ture can be observed for the fcc spectrum obtained on the
upward magnetized wire at −0.70 eV. In the spectra of the
hcp- and bridgesite lines the characteristic peak is shifted to
−0.48 and −0.42 eV, respectively, while the peak of the hcp-
dot is located at −0.40 eV. In addition to variations originat-
ing from different stackings we observe a different intensity
of this dominant peak due to the different magnetization di-
rections, i.e., between the upward and downward magnetized
wire. While these are generally small in the positive voltage
range, we observe larger deviations close to the characteristic
peak and in the energy range toward more negative bias volt-
ages for all four different stackings.

In order to distinguish the spectroscopic differences due
to a different stacking from those due to different magneti-
zation, we calculate the structural asymmetry Astruc and the
magnetic asymmetry Amagn of the spectra. The structural
asymmetry is defined by

Astruc =
dI/dUfcc − dI/dUhcp

dI/dUfcc + dI/dUhcp
�1�

with dI /dUfcc and dI /dUhcp representing the calculated spin-
averaged spectra of fcc and hcp regions, respectively. The
magnetic asymmetry is defined by

FIG. 2. �Color online� �a� Spin- and stacking-resolved dI /dU spectra on Co monolayer wires. Open and filled circles mark spectra taken
on the upward and downward magnetized wire, respectively. The area of the spectroscopy measurement is indicated by the white rectangle
in �d�. For the stacking refer to Fig. 1�d�. All Co spectra are offset by multiples of 4 nS. �b� Structural asymmetry between spin-averaged fcc
and hcp-dot spectra. �c� Magnetic asymmetry between upward and downward Co monolayer wires for different stacking. �d� dI /dU map of
alternatingly out-of-plane magnetized Co wires. �e�–�i� Selected spin-resolved dI /dU slices of the STS field. STS parameters: Istab

=1.5 nA, Ustab= +1.0 V.
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Amagn =
dI/dU↑ − dI/dU↓

dI/dU↑ + dI/dU↓
�2�

with dI /dU↑ and dI /dU↓ representing the spin-resolved
dI /dU spectra of the upward and downward magnetized wire
for each stacking, respectively. Figure 2�b� shows exemplar-
ily the structural asymmetry between the fcc and hcp-dot
regions which confirms the impression that significant differ-
ences in dI /dU are located below EF while the electronic
structure in the positive voltage range is mostly stacking in-
dependent. The highest asymmetry values of around 20% are
observed close to the energetic positions of the dominant
peaks of the fcc and hcp-dot spectra. The magnetic asymme-
tries for each stacking are shown in Fig. 2�c�. In the negative
voltage range the magnetic asymmetries for the Co mono-
layer are higher than in the positive voltage range. They
show distinct minima at about −0.50 eV and larger maxima
around −0.80 eV. It appears as if the fcc asymmetry is com-
pressed toward EF compared to the other asymmetries. This
is evident by a shift of the minimum and the maximum in the
fcc magnetic asymmetry toward EF by about 0.1 eV relative
to the hcp asymmetries. This shift in asymmetry goes along
with the corresponding stacking related shift of the main
peaks observed in the dI /dU spectra for the fcc areas toward
EF. As a result the sign of the magnetic asymmetry is re-
versed for fcc regions compared to the other stackings below
−0.9 eV. It is worth to mention that although the spin polar-
ization of the tip states also influences the measured spin
polarization, a different sign of the magnetic asymmetry at
the same energy leads to the conclusion that the sample spin
polarization is indeed inverted for fcc stacking relative to hcp
stacking at energies between −1.0 eV and −0.9 eV.

In order to visualize the interplay between structural and
magnetic asymmetry we display dI /dU slices at selected en-
ergies in Figs. 2�e�–2�i�, the corresponding voltages are indi-
cated in Fig. 2�c�. The first slice in Fig. 2�e�, which is taken
in the positive voltage range at +0.10 eV, shows only a very
weak influence of the stacking in accordance with the small
structural asymmetry �cf. Fig. 2�b��. In contrast, as a conse-
quence of the different magnetic orientation of the wires, the
dI /dU signal shows a difference between the upward and the
downward magnetized wire. Figures 2�f� and 2�g� show
slices at −0.15 eV and at −0.49 eV, respectively, where the
structural asymmetry is strongest. While at −0.15 eV the fcc
areas exhibit the highest dI /dU intensity, the bridgesites and
hcp-lines show the highest intensity at −0.49 eV. This is in
agreement with the inverted structural asymmetry between
−0.20 and −0.50 eV as plotted in �b�. The different magne-
tization of the wires is only slightly visible at these energies.
Figures 2�h� and 2�i� finally display slices at −0.80 and
−0.94 eV, respectively. At −0.80 eV the intensity of each
stacking of the upward magnetized wire is higher than that
on the downward magnetized wire. This is not the case at
−0.94 eV, where the bridgesite lines exhibit a higher inten-
sity on the upward than on the downward magnetized wire,
while the fcc areas have a lower intensity on the upward than
on the downward magnetized wire. This peculiar contrast
reversal visualizes the already mentioned inversion of the

sample spin polarization for fcc areas with respect to the
other stackings at about −0.90 eV.

Up to this point we can conclude that the electronic struc-
ture of the Co monolayer on Pt�111� changes significantly
between the areas of the four different atom positions on a
length scale of only a few atoms. The main change in the
electronic structure is a shift of the dominating peak in the
negative voltage range, which appears at −0.28 eV on the fcc
areas and is shifted to lower energies for the other three
stackings. Despite this strong heterogeneous electronic struc-
ture it is possible to deduce the magnetic orientation of the
Co monolayer using the magnetic asymmetry of the spin-
resolved dI /dU spectra.

2. Theoretical results

In order to understand the origin of the spectroscopic dif-
ference between fcc and hcp stacking of the Co monolayer
on Pt�111�, we have performed first-principles calculations
using the full-potential linearized augmented plane wave
�FLAPW� method in film geometry as implemented in the
FLEUR code.26 The system has been modeled by a symmetric
13-layer Pt slab with the experimental Pt in-plane lattice con-
stant of 2.775 Å and an additional Co layer on both sides.
We have applied the generalized gradient approximation of
Perdew, Burke, and Ernzerhof.27 Self-consistency for the
charge density has been obtained with about 100 basis func-
tions per atom and 44 k� points in the irreducible wedge of
the two-dimensional Brillouin zone �I2BZ�. 81 k� points in
the I2BZ have been used for the calculation of the density of
states �DOS�.

The surface relaxation for the pseudomorphic Co layer in
both fcc and hcp stacking has been carried out by force mini-
mization. We obtained an equilibrium Co-Pt interlayer dis-
tance of 2.053 Å for hcp and 2.038 Å for fcc stacking, cor-
responding to an inward relaxation of 9.4% and 10.1%,
respectively, compared to the bulk Pt interlayer distance. The
fcc stacking of the Co layer is energetically more favorable
by 67.4 meV/Co-atom than the hcp stacking. The magnetic
moment of the Co atom was found to be 2.07 �B and
2.10 �B for fcc and hcp, respectively.

We applied the Tersoff-Hamann model to simulate the
spectroscopic measurements. The differential conductance
dI /dU is then proportional to the sample DOS in the vacuum
at the position of the tip apex.21 The results for the majority
and minority spin channels as well as the sum of both are
presented in Fig. 3�a� for a tip-sample distance of 6.7 Å. The
vacuum DOS in the energy range around the Fermi level is
dominated by spin-minority states. The main minority peaks
are found at �fcc=−0.175 eV and �hcp=−0.250 eV for the fcc
and hcp structure, respectively, corresponding to a shift of
��=0.075 eV.

In order to unambiguously pinpoint the electronic states
contributing to the spectroscopic features, which the analysis
of the band structure alone is not sufficient to provide, we
have decomposed the vacuum DOS n↓��� as a function of the
in-plane k vector k�: n↓�� ,k��. We focus on the energies cor-
responding to the main peaks of the vacuum DOS for the
minority spin in the two stackings, i.e., �fcc and �hcp �indi-
cated by the dash-dotted lines in Fig. 3�a��. The results are
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shown in Fig. 4, where n↓�� ,k�� has been plotted only in the

vicinity of �̄, as sketched in the inset, because of the
k�-dependent exponential decay of the electronic states in the
vacuum. At �hcp, we observe in Figs. 4�a� and 4�b� for both
fcc and hcp that the main contribution to the DOS comes
from a hexagonal distribution of states in the BZ centered

around the �̄ point. n↓�� ,k�� has a similar shape in the two
stackings, suggesting that it originates from the same band.
Information about the k� of the states which are affected by a
change in the stacking can be inferred from the difference of
the vacuum DOS for the two structures. As can be seen in

Fig. 4�c� these states are located along the �̄–M̄ high-
symmetry lines.

Let us now focus on the fcc case only and analyze the
vacuum DOS at different energies. A comparison of
n↓��hcp ,k�� in 4�a� to n↓��fcc ,k�� in 4�d� reveals that for this
stacking the k� distribution of the vacuum DOS depends only
weakly on energy. The width of the hexagonal distribution
gets smaller as the energy increases, implying a negative
effective mass for the involved band. For the hcp case a
different trend is found. Interestingly, the DOS peaks for this

stacking are located along the �̄–K̄ lines at �fcc �e�, i.e., the
hexagonal distribution appears 30° rotated compared to what
was found for �hcp �b�. Nevertheless, the difference in the
vacuum DOS for fcc and hcp at �fcc �Fig. 4�f�� reveals that
the spectroscopic contrast originates mainly from states

along the �̄–M̄ direction, similarly to what was found for
�hcp.

The presented analysis of n↓�� ,k�� tells us that further
information can be extracted from the band structure along

the �̄–M̄ direction, shown in Figs. 3�b� and 3�c�. The states
which are marked in red �thicker dots� are those with a high
localization in the vacuum, thus giving the largest contribu-
tion to the vacuum DOS. Based on the strong resemblance to
the Co�0001� electronic structure, where a very similar band
stretches from −0.3 to +0.1 eV �Ref. 17�, we can assert that
these states describe a Co surface resonance. Our analysis of
the charge distribution reveals that the character of this band

changes from the band maximum at �̄, where it is predomi-
nantly of p character, to the band minimum, where it is of d
character with a small contribution of s and p states. In con-
trast to Co�0001�, in the case of 1 ML Co/Pt�111� the sur-
face resonance hybridizes with delocalized sp states which
show a parabolic dispersion. As a result, gaps open in the
surface resonance, which splits into several parts. Between
−0.50 eV and +0.2 eV, the sp bands are slightly different for
fcc and hcp stacking, due to the different coupling of the Co
layer to the bulk Pt. This is clearly seen in the band structure,
where the highly dispersive bands are located at different

energies �e.g., compare the band energy at the �̄ point�. This

FIG. 3. �Color online� �a� Vacuum DOS for fcc �black� and hcp
�green �gray�� stacking of 1 ML Co on Pt�111� at a distance of
6.7 Å from the surface. The spin-majority �thin solid line�, spin-
minority �thin dashed line� contribution and the sum of both �thick
solid line� are shown. The minority electron band structure along

the �̄–M̄ line is plotted for the fcc �b� and hcp �c� stacking near the

�̄ point. States with a localization of more than 5% in the vacuum
are marked in red �thicker dots�.

FIG. 4. �Color online� Decomposition of the vacuum DOS
n↓�� ,k�� in k space for fcc �a�, �d� and hcp �b�, �e� stacking of 1 ML
Co on Pt�111� at energies of peak positions and the difference of
them �c�, �f�. A sketch of the BZ and of the plotted area is depicted
in the inset by the black square. 817 k� points in the full BZ have
been used for these plots. A Gaussian broadening of the levels of
20 meV has been included.
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results in a different interaction between the surface reso-
nance and the substrate for fcc and hcp stackings. As a con-
sequence, the energy at which the hybridization gaps open as
well as the gap size and the surface resonance dispersion are
different for the two cases. The influence of the stacking fault
on the band energy can be seen also in the flat bands which
can be attributed to Co d states from charge distribution
analysis.

It is worth noticing that the modification in the electronic
structure due to the stacking fault is not simply a rigid energy
shift, but it is state dependent and cannot be merely ascribed
to a single state. The spectroscopic shift of 0.075 eV is an
overall effect due to many states and this is also reflected by
the large peak width. The peak of the vacuum DOS is located
at the energy corresponding to the highest band density for
each stacking. If we focus on an energy interval, e.g.,
0.10 eV, centered at the position of the main peak of the hcp
spectrum ��hcp�, we can observe that in the hcp case there are
three bands contributing to the vacuum DOS, in contrast to
the fcc case, where only one band is present. On the other
hand, around �fcc we find more bands contributing to the fcc
vacuum DOS than to the hcp one.

In summary, the spectroscopic shift of 0.075 eV is due to
the different coupling of the Co layer to the Pt substrate for
the fcc and hcp stacking, resulting in different hybridization
of the Co surface resonance with Co-Pt sp states. The wide-
spread assumption that the main peaks in scanning tunneling

spectra are related to states at the �̄ point, due to their weak
decay in the vacuum, is not valid here. As demonstrated for
the Co/Pt�111� system the electronic structure in the close

vicinity of �̄, but not exactly �̄, can be crucial for the spec-
tral shape, depending on the character, dispersion, and en-
ergy of the states. Only the analysis of n↓�� ,k�� together with
the band structure as described above allows us to unambigu-
ously correlate specific spectroscopic features and electronic
states.

3. Discussion

A comparison of the experimental and theoretical results
reveals a good qualitative agreement. Both show a dominant
feature in the negative bias regime with a comparable nega-
tive energy shift from fcc to hcp. The calculated peak posi-
tions are slightly closer to EF. We ascribe this discrepancy to
the reconstruction due to strain relief of the Co monolayer
which is not included in the pseudomorphic slab assumed in
the calculation. Thus, we can assign the dominant peak to a
minority spin surface resonance below EF. The calculations
made it obvious that the different hybridization of this reso-
nance with Co-Pt sp states is responsible for the observed
differences in dI /dU at negative bias voltages. Such a
stacking-dependent electronic contrast has been found for
other Co systems like islands on Cu�111� and films on
W�110�.5,13,16,17 In contrast to our study these previous re-
sults were obtained on extended areas of different stacking in
comparison to another extended area showing a different
stacking. This is obviously different for the Co monolayer on
Pt�111� where fcc, bridge, and hcp sites alternate on a lateral
scale of only a few atoms. Nevertheless, the electronic struc-

ture of these few atoms wide areas is already well described
by the infinite layer of the same stacking as shown by the
calculations. This indicates that the position with respect to
the underlying substrate, i.e., the stacking, is more important
than the position of the neighboring Co atoms.

B. Response of Co monolayer and double-layer nanostructures
to an external magnetic field

In order to study the magnetic properties of the Co mono-
layer as well as the Co double-layer nanostructures and to
verify the magnetic origin of the observed contrasts in dI /dU
maps we probed the Co structures in variable magnetic
fields, which were applied along the surface normal.

1. Co monolayer nanostructures

Figures 5�a�–5�d� show selected out-of-plane sensitive
magnetic dI /dU maps with an applied external magnetic
field B as indicated. The sample preparation, which has been
described in Sec. II, results in some free-standing Co islands
and Co wires which are attached to the Pt step edges. While
the Pt substrate has a uniform dI /dU signal with low inten-
sity, a two stage magnetic contrast of the oppositely out-of-
plane magnetized Co is clearly visible for the islands as well
as the wires. Figure 5�a� displays the magnetic virgin state of
the sample at 0 T and the amount of both opposite magneti-
zation directions of the Co structures is approximately equal.
After increasing the magnetic field to +0.3 T �b�, some Co
areas which are marked in the dI /dU map changed their
magnetic orientation. From this contrast reversal we can di-
rectly conclude that these bright areas are now aligned with
the direction of the external field. For the left marked wire in
�b�, it can be observed that the field-induced reorientation
process does not change the magnetization of the wire com-
pletely, but only part of the wire switched the magnetization
due to a constriction or gap. At a magnetic field of +0.8 T all
Co structures appear bright except one comparably large Co
island marked in Fig. 5�c�. Figure 5�d� displays the magnetic
state at remanence. A direct comparison to the previous
dI /dU map in �c� shows that all wires and islands remain in
their magnetic state.

Analyzing the magnetic state of the Co nanostructures and
plotting the percentage of the bright Co areas at several ap-
plied magnetic fields leads to a hysteresis curve, which is
displayed in Fig. 5�e�. Since the external magnetic field is
applied along the easy anisotropy axis, the hysteresis curve
shows a typical ferromagnetic shape with a very high re-
maining magnetization after field removal. The extracted co-
ercivity of this area of the monolayer Co sample is about
�0Hc=0.25±0.05 T. This value is comparable to the coer-
civity observed for spatially averaging experiments on few
atom wide Co wires on Pt�111� at low temperatures.8 As
visible in �e� the obtained hysteresis curve does not show a
simple square loop shape but is slightly canted. This can be
understood by taking into account that the magnetic reorien-
tation process occurs not at the same magnetic field for each
Co structure, but progresses successively.28 In general we
observe that larger islands as well as wider wires seem to
switch abruptly from one saturated state to the opposite one
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at higher applied magnetic fields than smaller Co structures.
Furthermore, the reorientation process itself is different for
wires and islands. While the Co islands are always in a single
domain state on the time scale of this measurement, wires
with a sufficient width are reoriented by domain wall move-
ment.

The existence of these domain walls allows the critical
examination of recent results obtained on nanoscale Co
monolayer islands. Namely, Rusponi et al.3 interpreted their
MOKE and STM measurements in terms of strongly
coordination-dependent magnetic anisotropies: while—
according to Ref. 3—Co atoms at the island perimeter ex-
hibit a very high out-of-plane anisotropy of 0.9±0.1 meV
per atom a weak in-plane anisotropy �EA=
−0.03±0.01 meV per atom� is found for surface atoms
within the islands. Such magnetic properties have two sig-
nificant consequences on the nanoscale domain structure of
sufficiently large islands and wires: first, the easy axis shall
rotate from out-of-plane to in-plane if the lateral dimensions
exceed the magnetic correlation or exchange length. Second,
the strongly enhanced anisotropy at Co step edges should
lead to very narrow domain walls. While we cannot scruti-
nize the latter hypothesis due to the complex structural and
electronic properties of the Co monolayer dislocation net-
work on Pt�111� �cf. Fig. 1�, we were able to investigate
whether the easy axis of magnetization changes with increas-
ing distance from the Co step edge by analyzing domain
walls in Co nanowires. As shown in Fig. 5, however, domain
walls are preferentially located at constrictions which are few
nanometers wide only, if the terraces are particularly narrow.
Therefore, we have studied Co nanowires which were grown
on much wider Pt�111� terraces and exhibit a width of
15–25 nm as shown in the dI /dU map of Fig. 6�a�. In the
central part of the image a dark domain can be recognized
which is surrounded by two bright domains. Both domain
walls separating the three domains are located in constric-
tions and are about 20 nm long. Since these data were mea-
sured with an out-of-plane sensitive probe tip we can con-

clude that the Co nanowire is perpendicularly magnetized
even 20 nm away from the Co step edge. But how does this
distance relate to the magnetic exchange length? This can be

FIG. 5. �Color online� �a�–�d� Selection of out-of-plane sensitive magnetic dI /dU maps of Co monolayer wires and islands in the
presence of an external magnetic field applied perpendicular to the surface plane. The bright or dark appearance of the Co corresponds to a
parallel or antiparallel alignment of the tip and sample magnetization. �e� Hysteresis loop obtained by plotting the percentage of bright
domains at certain magnetic fields. The open squares belong to the initial magnetization curve and the red color �gray� indicates the dI /dU
maps shown. The dashed line is a guide to the eye.

FIG. 6. �Color online� �a� Out-of-plane sensitive magnetic
dI /dU map of a Co monolayer wire with three domains. �b� Do-
main wall profile �open circles� along the line marked in �a�. The
solid line gives a fit to the red �gray� data points.
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analyzed by a closer inspection of the domain wall profile.
For this purpose we have taken a profile of the dI /dU signal
along the white line in Fig. 6�a�. The result is plotted in Fig.
6�b�. In order to minimize the influence of the inhomoge-
neous spin-averaged electronic structure due to different
stacking �see Sec. III A� we have not taken the line section
perpendicular to the domain wall but under an angle of 60°.
Thereby, mostly fcc sites are crossed and hcp sites are
avoided as far as possible. The line section shows two levels
of dI /dU signal strength on the left and the right side which
represent the oppositely magnetized domains and the transi-
tion area in between. While the data points on each domain
oscillate due to the remaining stacking influence, the signal
becomes much smoother when neglecting the data points
originating from the hcp-lines which are given in black color.
The remaining red �gray� data points are fitted with a stan-
dard domain wall function �Ref. 23�

y = y0 + ysptanh�2�x − x0�
w

	 �3�

which is based on continuum micromagnetic theory.29 y0 and
ysp are the spin-averaged and the spin-polarized part of the
dI /dU signal, x0 is the position of the domain wall center,
and w represents the domain wall width, which is determined
by the exchange stiffness A and the effective anisotropy con-
stant Keff by

w = 2
 A

Keff
. �4�

As shown by a solid line in �b� the best fit is obtained for a
domain wall width of approximately 4 nm, i.e., much nar-
rower than the structural width of the Co nanowire. This
observation indicates that the intrinsic anisotropy of surface
coordinated Co atoms on Pt�111� is not in-plane as proposed
by Rusponi et al.3 but out-of-plane instead. This conclusion
is also consistent with our observation that the magnetization
of triangular Co monolayer islands is homogeneous across
the islands’ surfaces even though the base length of some
islands is about thirty times larger than the exchange length
L=w /2 extracted from Fig. 6�b�. Assuming a reasonable
value for A,30 the anisotropy constant results in
+0.08 meV/atom�Keff� +0.17 meV/atom.

2. Co double-layer nanostructures

Figures 7�a�–7�d� display out-of-plane sensitive magnetic
dI /dU maps of Co double-layer nanostructures �0.6 AL�
measured at different magnetic fields. The sample prepara-
tion is described in Sec. II. In addition to free standing
double-layer islands, some double-layer structures are at-
tached to the Pt step edges. Again we observe a homoge-
neous electronic structure for the Pt�111� surface and a two-
stage contrast for the Co double-layer islands. This shows
that the double-layer Co islands are ferromagnetic with an
out-of-plane anisotropy and thus are magnetized either up or
down with respect to the surface plane, in accordance with
the observations reported in the literature.3,9 An increase
from 0 T �not shown� to +2.0 T in Fig. 7�a� still does not
reveal any switching of the Co double-layer magnetization

and thus Fig. 7�a� shows the magnetic virgin state. Both
magnetic orientations are distributed equally. First changes
of the magnetic state are observed at an applied field of
+2.25 T in �b�. The magnetization of some structures is ro-
tated as indicated. It is observed that the switched structures
are directly attached to the Pt step edge. Also some free
standing Co islands switched at a field of +2.5 T shown in
�c�. This is the maximum available external field which sur-
prisingly is not sufficient to align the magnetization of all
islands. While every island shows a uniform magnetization,
i.e., it is in a single domain state, on top of one island marked
in �c� both opposite magnetization directions are visible. This
is caused by a magnetization reversal of the island in be-
tween two subsequent lines of the image while passing the
island. After the removal of the external field shown in Fig.
7�d�, a comparison to �c� reveals a 100% remanence, i.e., all
Co islands remain in their previous magnetic state. Since an
influence of the external magnetic field on the sample was
first detected between +2.0 T and +2.25 T we can conclude
that �0Hc�2.0 T. The result suggests a high out-of-plane
anisotropy of the islands. The surprisingly high coercivity is
to our knowledge higher than all previously reported coer-
civities for Co structures on Pt�111�. While it is already
known that Co double-layer islands on Cu�111� exhibit a
high coercivity between 1.0–1.5 T �Ref. 5�, the values of the
present Co double-layer islands studied in this work are even
higher. This again emphasizes the important role the sub-
strate plays for the magnetic properties of nanoscale struc-
tures.

FIG. 7. �Color online� �a�–�d� Selection of out-of-plane sensitive
magnetic dI /dU maps of compact Co double-layer islands in the
presence of an external magnetic field applied along the surface
normal. The bright or more dark appearance of the Co corresponds
to a parallel or antiparallel alignment of the tip and sample
magnetization.
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IV. SUMMARY

In summary we have presented a detailed study of the
structural, electronic, and magnetic properties of monolayer
Co islands and wires on Pt�111�. Although the Co monolayer
is electronically highly heterogeneous due to a lattice mis-
match induced dislocation network, it is possible to observe
the out-of-plane magnetized domains by spin-resolved STS.
Independent of the magnetization direction the spin-resolved
spectra exhibit a dominant peak at about −0.28 eV for fcc,
which is shifted downward by more than 0.12 eV for hcp-
and bridgesite stacked regions, which are only several atoms
wide. Accordingly the peaks in the magnetic asymmetry in
this energy range are also shifted downward on the hcp- and
bridgesite regions relative to the fcc regions.

In order to understand the spectroscopic stacking depen-
dency, first-principles calculations for pseudomorphic Co
monolayers on Pt�111� in fcc- and hcp-stacking were per-
formed. A detailed analysis revealed that the dominant peak
originates from a d-like Co surface resonance of minority-
spin character which is similar to the state found for thicker
Co�0001� films on different substrates.17 The spectroscopic
shift between differently stacked areas results from different
hybridization of the Co surface resonance with Co-Pt sp
states. Even though the calculation was done for infinite ar-
eas of a given stacking it reproduces the experimental obser-
vations fairly well where the same stacking is only present
for a few atoms.

We find an out-of-plane magnetization of the Co mono-
layer wires and islands. By measuring the domain wall width
on wires, the magnetic exchange length is determined to be
less than 2 nm. According to Ref. 3 the magnetic anisotropy
of the surface atoms within the islands is weakly in plane and
only the perimeter atoms exhibit a large out-of-plane aniso-
tropy. We have no experimental indications to support this:
islands with a base length as large as thirty times the
exchange length still show a homogeneous out-of-plane
magnetization. In order to reproduce the measured domain
wall width we propose an out-of-plane anisotropy of
+0.08 meV/atom�Keff� +0.17 meV/atom for atoms
within the island.

Finally, our measurements in the presence of an external
magnetic field show that the coercivity of Co nanostructures
is highly increased by a change of sample morphology.
While the Co monolayer system exhibited a coercivity of
�0Hc=0.25±0.05 T, the Co double-layer nanostructures
show a surprisingly high coercivity of �0Hc�2.0 T.
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