
Eur. Phys. J. B 75, 49–56 (2010)
DOI: 10.1140/epjb/e2010-00054-1

Regular Article

THE EUROPEAN
PHYSICAL JOURNAL B

A spin-selective approach for surface states at Co nanoislands

B.W. Heinrich1, C. Iacovita1, M.V. Rastei1, L. Limot1, P.A. Ignatiev2, V.S. Stepanyuk2, and J.P. Bucher1,a

1 Institut de Physique et Chimie des Matériaux de Strasbourg, UMR 7504, Université de Strasbourg,
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Abstract. During recent years the surface electronic states of cobalt nanoislands grown on Cu(111) and
Au(111) have been extensively studied and still yield fascinating results. Among magnetic surfaces, cobalt
islands are particularly appealing because of their spin-polarized electronic states near the Fermi energy,
involving localized d states of minority character, as well as free-like s−p states of majority character. We
show here that these states are a sensitive probe to minute changes of structural details such as strain and
stacking, and therefore constitute an ideal playground to study the interplay between structural and spin-
related properties. Due to their size, cobalt islands on Cu(111) offer the additional opportunity to host
single-magnetic adsorbates suitable for spin-polarized scanning tunneling microscopy and spectroscopy
(SP-STM and SP-STS). We establish here that, in an energy interval just below the Fermi level, the spin-
polarization of a transition-metal atom is governed by surface-induced states opposite in sign compared
to the island, while the spin-polarization of Co-Phthalocyanine molecules is governed by molecular states.
This opens up interesting perspectives for controlling and engineering spin-polarized phenomena at the
nanoscale.

1 Introduction

One of the major challenges nowadays in the development
of spintronic devices is to understand the spin transport
through single atoms and molecules. This task is of great
complexity essentially because the electronic states de-
pend on many structural and environmental parameters,
which are usually difficult to unveil. One way to study the
spin-transport properties consists in bringing two mag-
netic electrodes into contact with each other or with a
single molecule [1–4]. A strong point of this technique
is the possibility of implementing a third electrode, iso-
lated from the first two, in order to apply a gate bias. A
complementary approach to study spin-transport at the
nanoscale is spin-polarized (SP) scanning tunneling mi-
croscopy and spectroscopy (STM and STS). These tech-
niques can visualize the spin state of an atom [5,6] or a
molecule [7], so to carefully correlate changes in the spin-
polarized states with changes in the adsorbate-metal in-
terface. In this way an absolute control is achieved over
structural details, which are known to play an important
role in contact measurements.

In this paper, we show that cobalt islands grown on
Cu(111) and Au(111) are model spin-polarized systems.
By combining SP-STM and STM studies with ab initio
calculations, we establish the spin-polarized nature of
their surface states and how they are affected by structural
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details such as strain and stacking. Due to their large sur-
face area, cobalt islands on Cu(111) offer the additional
opportunity to host single-magnetic adsorbates. The spin
of these adsorbates couples to the out-of-plane magneti-
zation of the islands, so that a spin-contrast among ad-
sorbates is achieved even in the absence of a magnetic
field. We show in particular that atoms and molecules
locally modify the spin-polarization of the island: in an
energy interval just below the Fermi level, atoms have
a spin-polarization dominated by surface-induced states
and opposite in sign compared to the pristine island,
while Co-Phthalocyanine (CoPc) molecules have a spin-
polarization dominated by molecular states. The combi-
nation of an adsorbate and a magnetic surface therefore
provides a route for controlling spin-polarized phenomena
at the nanoscale.

2 Experimental setup

All the measurements presented were performed in a STM
operating below 10−10 mbar at temperatures of 2.8 K and
4.6 K. After cleaning the Au(111) and Cu(111) single crys-
tal by repeated cycles of Ar+ sputtering and annealing
to 500 ◦C, the surface was cooled to room temperature.
Cobalt was subsequently deposited onto these surfaces
by e-beam evaporation at submonolayer coverage to form
self-assembled nanoislands. A variety of etched W and Ni
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Fig. 1. (Color online) (a) STM image of Co nanoislands grown
at room temperature on a Cu(111) surface (90 × 80 nm2,
0.10 nA, −0.26 V). (b) Schematic representation of a single-
layer island and of the adatom diffusion along the island edges
and corners (Cu: black, Co: grey). The barrier height (in eV)
is indicated for distinct positions of the adatoms.

tips were employed. After a sputter/anneal cycle, the tips
were treated by soft indentations into the surface, until
tip-structure artifacts were minimized in the differential
conductance (dI/dV ) spectra over the voltage range of
interest. The dI/dV versus sample bias (V ) was recorded
by superimposing a sinusoidal modulation to the junction
bias (amplitude: 5−10 mV rms, frequency: 3−7 kHz), and
detecting the first-harmonic of the current through a lock-
in amplifier.

Spin-polarized measurements were performed with
Co−Coated Ni tips since we found that they posses an out-
of-plane component of the magnetization parallel to the
island magnetization. The spin-dependent contribution to
the differential conductance varies in fact with cos θ, where
θ is the angle between the magnetization of the tip and of
the sample [8].

Single atoms and molecules were deposited on the
cobalt nanoislands following distinct procedures. Ni, Co,
and Cu atoms were deposited onto the substrate by a con-
trolled transfer of the tip-apex atom [9], so that isolated
atoms residing in the island center could be obtained (see
Fig. 9a). The coating material for the tip apex was there-
fore chosen accordingly to the desired atom. The CoPc
molecules were sublimated onto the sample by heating to
at least 400 ◦C a crucible containing a 99.5% pure CoPc
powder. Typical island coverage was roughly 10 molecules
for an area of (10 nm)2.

3 A model magnetic electrode

3.1 Growth and stacking

At room temperature the deposition of cobalt onto
Cu(111) leads, at a submonolayer coverage, to the for-
mation of compact triangular structures as shown in Fig-
ure 1a [10–15]. These islands are two-atomic-layers high
and have lateral sizes up to 30 nm. Smaller island sizes
on the order of 5 nm can be obtained by using other no-
ble metal surfaces like Au(111) [16–21]. Most importantly,
these islands possess, at our working temperature, a mag-
netization perpendicular to the surface with a “up” or
“down” orientation.

The shape of the nanoislands is determined by a va-
riety of parameters. An important one is the activation
barrier for the diffusion of the adsorbed atoms along a
nucleated-island edge and corner, as schematically shown
in Figure 1b. Additional details about the calculation of
the activation barriers and how these define the shape of
the nanoislands can be found in reference [12]. The sym-
metry of the (111) surface determines two types of island
edges, namely one with a {100}-orientation, labeled A in
Figure 1b, and another one with a {111}-orientation, la-
beled B. The Co adatoms can easily diffuse along both
edges and also jump from A to B. The reverse hopping
is less probable because of the higher activation barrier.
This suggests that, at least in the initial stage of growth
when single atomic layers can be energetically stable, the
{100} edges grow at the expense of the {111} edges favor-
ing a triangular shape. The islands grow two atomic-layer
thick because: (i) the diffusion on the first layer is favored
compared to the downward hopping onto the surface; (ii)
the downward motion from the third layer is favored com-
pared to the upward motion. Figure 1a also shows that the
nanoislands are oriented in two opposite directions. This
follows from the two possible nucleation sites of Co on the
surface, either hcp or fcc, leading respectively to islands
with a faulted and unfaulted stacking.

3.2 Spin-polarized surface states

At the surface of crystals the electronic states can sub-
stantially differ with respect to the bulk states because
the translational symmetry of the crystal is broken. A
well-known example illustrating these differences is the
existence of a special class of electronic states bound to
the crystal surface [22,23]. At metallic substrates such sur-
face states appear in the projected energy gaps of the
bulk band structure, for instance, in the inverted L̄-gaps
of {111}-surfaces of noble metals. The existence of these
dispersive surface states were predicted by Shockley [23],
and subsequently observed by angle-resolved photoemis-
sion spectroscopy [24]. On nanostructures, Shockley sur-
face states can be evidenced and studied by means of low-
temperature STM and STS [25,26]. In addition to these
surface states, transition metals can also have d-states
near the Fermi level. Identifying the nature of these sur-
face states may therefore prove to be quite challenging
in a magnetic nanostructure without a solid theoretical
support.

This scenario is indeed encountered in cobalt nanois-
lands, as they host s−p surface states [13,28], as well as
localized d-states near EF [13–15]. Figure 2 presents typi-
cal STS spectra measured in the center of faulted and un-
faulted nanoislands grown on Cu(111) and on Au(111). On
both substrates the nanoislands have three distinct peaks,
two below the Fermi level and one above. On Cu(111)
the occupied states on unfaulted islands have a dominant
peak at −0.31 V. The same peak falls at a higher en-
ergy of −0.28 V on faulted islands. At lower energies, a
second peak is present which also shifts with stacking or-
der. The unoccupied states have a peak at 0.30 V which
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Fig. 2. (Color online) STM images of Co nanoislands on (a)
Cu(111) (60 × 25 nm2, 0.10 nA, −0.26 V), and (b) Au(111)
(24 × 10 nm2, 0.50 nA, 0.10 V) (b). Triangular islands with
opposite orientation, i.e. different stacked islands, are labeled f
(faulted) and u (unfaulted). Typical dI/dV spectra measured
over Co nanoislands on (c) Cu(111) (feedback open at 1.50 nA,
0.60 V), and (d) Au(111) (feedback open at 0.53 nA, 0.10 V).
The Fermi level corresponds to a zero sample bias. The short
lines indicate the main d peak of the islands.

is independent of stacking order. On Au(111) the spec-
tra are quite similar, however the peaks for the occupied
states are significantly higher in energy. The unfaulted is-
lands exhibit a dominant peak at −0.15 V, whereas for
the faulted ones the peak appears at about −0.09 V. Ad-
ditional peaks appear at higher and lower energies com-
pared to Cu(111), although they present a distribution in
amplitude and in energy position due to the reduced size
of the islands.

To reveal the origin of these surface states, theoretical
calculations were performed by means of the Korringa-
Kohn-Rostoker (KKR) Green’s function method based on
density functional theory [29–31]. The surface states above
the center of each island were estimated by performing
calculations for an infinite cobalt bilayer. These studies
show that in this energy range, electronic states of dif-
ferent orbital and spin character coexist. In Figure 3 we
present the computed local density of states (LDOS) for
the Co on Cu(111) system [15]. As shown, minority states
present localized peaks at specific energies that fit well
with the experimental data. Moreover by changing the
stacking order, the calculations are able to reproduce the
peak shift of the faulted and unfaulted islands. A similar
result is also found for Co on Au(111) [20]. A detailed in-
spection of the spectral density maps (imaginary part of
the momentum-resolved energy-dependent Green’s func-
tion) indicates that the peaks originate from d-bands of
Co at distinct energies in the reciprocal space. The peaks
below the Fermi energy result from d3z2−r2 orbitals. In

Fig. 3. (Color online) Spin-polarized LDOS calculated by
means of the KKR Green’s function method above a unfaulted
(solid lines) and faulted (dashed lines) infinite Co-bilayer on
Cu(111). Minority spin states are in blue, whereas majority
spin states are in red.

Fig. 4. (Color online) dI/dV maps of Co nanoislands on (a)
Cu(111) at 0.10 V (30 × 30 nm2, feedback open at 0.50 nA,
0.10 V), and (b) Au(111) at 0.70 V (12 × 12 nm2, feedback
open at 0.75 nA, 0.12 V). (c) Calculated spin polarization on
a Co nanoisland on Cu(111) at energy of 0.5 eV. Figure 4c is
adapted from reference [27].

particular, we assign the main peak in the STS spectra to
a hybridization of s−p states with the minority d3z2−r2

states situated in the bulk band gap. The peak at lower
energy is traced back to a resonant overlapping of Cu(111)
bulk states with the Co minority d3z2−r2 states. Finally,
the peak above the Fermi level originates from the un-
occupied minority d band of the Co islands, which is less
sensitive to the stacking order because of its non-dispersive
character.

Figure 3 shows that the majority states are dominated
by dispersive states with a step-like onset predicted near
−0.23 eV. This onset should also be measured experimen-
tally by STS but is buried below the dominant d-like peak.
However, due to the dispersive nature of these states it is
possible to observe their confinement in the island at var-
ious energies. Experimentally, this is done by acquiring
dI/dV spectral maps at fixed sample biases. As an exam-
ple, Figures 4 shows two dI/dV maps recorded over Co
nanoislands on Cu(111) (Fig. 4a) and Au(111) (Fig. 4b).
Standing-wave patterns can be visualized and exploited to
estimate the dispersion of theses states [13,14], following
a well known procedure experimented on Shockley sur-
face states [25,26]. The bottom edge of the band is esti-
mated at −0.20 V, or lower, in fair agreement with pre-
dictions. Due to the smaller size of the Co nanoislands on
Au(111) (Fig. 4b), the spatial oscillations of the dI/dV
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Table 1. Sample bias (U) corresponding to the dominant
peak position of unfaulted Co nanoislands as a function of the
macroscopic mismatch with the underlying substrate (M).

Au(111) Pt(111) Cu(111) Co(film)
M (%) 13 9 2 0
U (V) −0.15 −0.23 Ref. [33] −0.31 −0.43 Ref. [34]

signal over these structures are even more pronounced and
located at higher energies. We find a bottom edge of the
band at about −0.10 eV, in good agreement with theory
(not shown here). Recently, the bottom edge of the band
was estimated at 0.10 V for Co islands grown on Au thin
films [21].

An important consequence of the confinement of the
majority s−p surface states is that a spatial change of the
spin-polarization is expected over the nanoislands. The
spatially-resolved spin polarization calculated as

P (r, E) = [n↑(r, E) − n↓(r, E)] / [n↑(r, E) + n↓(r, E)]
(1)

shows in fact significant oscillations over a Co nanoisland
as presented in Figure 4c. This is due to the fact that the
density n↓(r, E) of minority states can be assumed con-
stant in the inner part of the island, while the density
n↑(r, E) of the majority states exhibits oscillations. Since
the size of the nanoislands affects the amplitude of these
oscillations, a size-dependent spin-polarization is also pre-
dicted for these islands [27].

3.3 How strain changes the surface states

The size of the island can also impact the spin-polarization
via the strain existing in the island. Generally speaking,
nanostructures epitaxially grown on a substrate tend to
adopt the lattice parameter of the underlying surface. As
a consequence the bond lengths between the metal atoms
in the supported nanostructures differ from those in the
parent metals, resulting in strain. A theoretical study on
homoepitaxial double layer Cu islands on Cu(111) has
shown that the strain produces an inhomogeneous distri-
bution of bond lengths over the nanoisland, the average
bond length varying with island size [32]. As was pointed
out quite early by Friedel (1969) [35], surface states are
a sensitive probe for variations of the atomic structure at
the nanoscale and, in this regard, strain is expected to
play an important role [15,36–38].

To attest the sensitiveness of surface states to atomic
bond lengths, we may turn back to the surface states of
the Co nanoislands on Cu(111) and on Au(111) presented
in Figure 2. An important difference between the Cu(111)
and Au(111) surfaces is the interatomic bond length, re-
spectively 0.256 nm and 0.289 nm, so that the Co nanois-
lands on Au(111) are submitted to a larger tensile stress
compared to those on Cu(111). Table 1 presents the en-
ergetic position of the main peak as a function of the
macroscopic mismatch for Co on Au, Cu and Pt(111)
(from Ref. [33]). We have included also data for a Co
thin film [34]. The macroscopic mismatch is defined as

Fig. 5. (Color online) (a) dI/dV spectra acquired in the center
of faulted Co nanoislands on Cu(111) (feedback loop opened
at 1.5 nA, 0.6 V). The hatched areas indicate the interval over
which the shift occurs. The island-edge length is indicated for
each spectrum.

M = (dSub − dCo)/dSub, where dSub and dCo are the bulk
bond length of the substrate and of Co, respectively. As
shown the smaller the bond length of the substrate, the
lower the energy of the d-like peak. In other words, the
position of this peak is sensitive to the in-plane Co−Co
bond length. As a result, the lateral compression or expan-
sion of the Co nanoislands by the substrate underneath is
found to be the driving force for the shift of this peak.

Direct evidence of strain effects in Co islands is gath-
ered by performing STS over islands of different size. This
was done over more than 200 faulted and unfaulted is-
lands of Cu(111) [15]. This is difficult to carry out on
Au(111), because the size distribution of the islands is
≈2 nm and edge effects (see below) are important given
their reduced size. Unfaulted islands with an edge length
ranging from 4.8 to 31.9 nm, and faulted islands with
an edge length ranging from 6.7 to 32.9 nm were investi-
gated on Cu(111). Figure 5 presents a set of dI/dV spec-
tra acquired on faulted Co nanoislands of different sizes.
Size-dependent changes in spectra are marked by hatched
areas. As shown, the peaks below the Fermi level shift
downward in energy when the island size decreases from
22.1 to 7.1 nm, with no appreciable changes in the shape
of the spectra (similar results were also obtained for the
unfaulted islands). The quantitative evaluation of the data
reveals that the shifts are significant only for nanoislands
with a size below 12 nm. Beside this size-dependent shift,
strain also plays a role within the island. When dI/dV
spectra are recorded at different locations of the islands,
for example by moving the tip from a corner to the op-
posite edge, the d-peak shows an additional displacement,
shifting to lower energy when approaching the corner or
the edge [15]. These changes evidence a bond length vari-
ation within the nanoisland, with the exception of an area
of a few nanometers in the center of the island (see also
Fig. 6a).
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Fig. 6. (a) Computed variation of the in-plane bond length in
the top Co layer of a nanoisland with an edge length equal to
15 nm. The arrow indicates the zone where the bond lengths
are nearly constant. (b) Average bond length of the center
part of the nanoislands as a function of nanoisland size. The
horizontal lines show the ideal bulk Cu bond length.

A number of theoretical calculations were performed in
order to model the size- and position-dependent shifts of
the occupied surface states. A first set includes the cal-
culation of the relaxed atomic configuration inside the
nanoislands. This was performed by molecular dynam-
ics [32,37,39], i.e. by solving the equations of motion for
all the atoms in the system. Atomic interactions were
modeled in the second moment of the tight-binding ap-
proximation. Various Co nanoislands with different sizes
were studied. The results confirm that both in-plane and
out-of-plane bond lengths depend on the nanoisland size
and vary across the nanoisland. The distribution of the
in-plane bond lengths of the topmost Co layer over a
15 nm island is presented as an example in Figure 6a.
The bond lengths are inhomogeneous over the island. At
the edges and corners the atoms relax toward the center of
the nanoisland and adopt other equilibrium positions with
shorter bond lengths with respect to Co atoms in the cen-
ter of the nanoisland. The inner region around the gravity
center of each nanoisland presents nearly homogeneous
bond lengths and an average in-plane bond length can be
used to describe this region. This zone is schematically
represented by an arrow in Figure 6a. Figure 6b shows
the average bond lengths of this central region for differ-
ent nanoisland sizes. As shown, the average bond length
increases when the nanoisland size increases. An asymp-
totic behavior sets in when the bond length approaches
the ideal bond length of bulk Cu, which confirms the STS
findings of a negligible shift for nanoislands larger than
12 nm.

4 Spin structure of nanoscale objects

4.1 Cobalt nanoislands

Nowadays the only techniques that allow to inject SP tun-
neling electrons with atomic-scale resolution are SP-STM
and SP-STS [40,41]. In particular, they are well suited for
identifying the SP nature of the island surface states. STS
on the islands [13], motivated a series of SP-STS studies on
both Cu [5,7,14,28,42], and Au systems [43,44], confirm-
ing most of the theoretical predictions mentioned above.

Fig. 7. (Color online) Spin-polarized dI/dV spectra of two Co
nanoislands with opposite magnetization on Cu(111) (feedback
open at 0.50 nA, 0.60 V).

Fig. 8. (Color online) Spin-polarized dI/dV maps of three
Co nanoislands at −0.28 V (size 76 × 36 nm2, feedback open
at 0.50 nA, 0.60 V). The two unfaulted islands (those point-
ing left) have different intensities, and therefore have opposite
magnetizations and spin-polarizations.

All these experiments indicate that the d-peaks detected
below the Fermi level are SP electronic states. Figure 7
presents two SP-STS spectra over two cobalt nanoislands
of opposite magnetization. The main peak in the two spec-
tra falls at the same position, but differs in amplitude.
While the differential conductivity at the peak position
amounts to only 11 nS for one nanoisland, it is enhanced
by 50% for the second. The relative intensities of spectra
can invert at some biases, revealing a complex SP tun-
neling transport between the islands and the tip. Given
this bias dependence we cannot identify the orientation of
the magnetization, neither in the nanoislands nor in the
tip. However, we may safely conclude that the analyzed
nanoislands have an opposite magnetization (or opposite
spin polarization), in agreement with measurements under
external magnetic fields [14,42].

The differential conductivity of the nanoislands can
be mapped at a bias where a SP signal is detected in
the spectra. The most advantageous situation is to fix the
bias where the ratio between the two dI/dV amplitudes
acquired on islands of opposite magnetization is high, for
example close to the d-like peak. The resulting SP dI/dV
map is presented in Figure 8 and shows a clear spin con-
trast among the islands. However care must be taken when
comparing these contrasts [14]. From Figures 2c and 5 we
know in fact that the stacking and size of the islands shift
the main peak. This shift then translates into a contrast
in the dI/dV maps, thereby “polluting” the spin contrast.
This is why it is essential to compare the contrast between
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Fig. 9. (Color online) (a) Faulted cobalt island with a Cu
atom in its center (24 × 24 nm2, 0.3 nA, 0.03 V). (b) dI/dV
spectra over Ni, Co, and Cu atoms deposited near the center
of a Co nanoisland (feedback open at 0.4 nA, 0.03 V). The
Ni and Co spectrum is displaced vertically by 14 and 7 nS,
respectively. (c−e) Calculated spin-polarized LDOS above Ni,
Co and Cu atoms on a faulted cobalt bilayer. The dashed-
red lines represent the majority states, while the solid-blue
ones the minority states. The total LDOS is plotted by thick-
black lines. The dashed vertical lines indicate the majority s−p
surface-state onset.

islands of same stacking and of same size (or larger than
12 nm), where the size related shift becomes negligible.

4.2 Single-magnetic atoms and molecules

As was highlighted in the previous sections, cobalt islands
on Cu(111) constitute a well-known spin-polarized sys-
tem. Additionally, due to their large surface area and flat
structure they are well suited for hosting single atoms and
molecules. With a near-field technique it is therefore pos-
sible to compare on a local stand the spin-polarization
of an adsorbate and of a clean magnetic island. Informa-
tion may be gathered on how minute structural details in-
fluence the spin-polarization. This has recently motivated
STS [45,46], and SP-STS [5,7], studies of single adsorbates
on these islands.

Atoms. SP-STS of individual Fe and Cr atoms on
cobalt islands of Cu(111) was performed by means of a
Cr-covered tungsten tip [5]. From the dI/dV spectra it was
found that the two atoms have different spin-polarizations
in a bias-range close to the Fermi level. Although theoret-
ical calculations reveal a ferromagnetic coupling between
the Fe atoms and the island and an antiferromagnetic
coupling for the Cr atoms, the spin-structure evidenced
for the two atoms remained unclear. This motivated a
new combined experimental and theoretical study on sin-
gle Ni, Co and Cu atoms. STS was performed over the
three atoms, which were transferred from the tip apex to
the center of the island through a controlled tip-surface
contact (Fig. 9a), see Section 2. The dI/dV spectra are

presented in Figure 9b. Surprisingly, the spectra are very
similar, indicating a common origin of the observed fea-
ture around −0.30 V.

Calculations performed within density functional the-
ory implemented in the multiple-scattering KKR Green’s
function method [45], indicate that electronic states above
the atoms are spin-polarized, the atom-island coupling
being ferromagnetic. The calculated magnetic moments
are 2.00 μB (Co), 0.74 μB (Ni) and 0.03 μB (Cu). Fig-
ures 9c−9e show the SP local density of states at roughly
0.42 nm above the investigated atom. Several conclusions
may be drawn from Figures 9c−9e. The majority LDOS
(dashed-red lines in Figs. 9c−9e) is found to dominate
the minority LDOS (solid-blue lines) in this energy range.
In other words, the spin-polarization defined in equa-
tion (1) is opposite in sign over the adatoms compared
to the clean island. The common resonance detected in
STS (Fig. 9b) can be assigned to the localization of the
dispersive s−p surface states at the adatom site, which
is a well known phenomenon also encountered on non-
magnetic substrates [47–51]. The localization occurs at an
energy close to the onset of the s−p states (dashed line
in Figs. 9c−9e) and is responsible for an enhancement of
the spin-polarization in this energy range since the local-
ization is of majority character. Some atoms also possess
contributions from atomic d-resonances. These resonances
increase the minority channel over finite energy ranges:
at the Fermi level for the Ni atom (Fig. 9c) and around
0.10 V for the Co atom (Fig. 9d). If these resonances are
sufficiently strong, they may invert the sign of the spin-
polarization over the atoms. This occurs, for example, for
the Cr atom [45].

These findings have also important implications for
SP-STM. A surface in fact mimics a tip apex with a poor
spatial resolution (also known as a blunt tip), while an
individual adatom approximates well the monoatomic tip
apex used in SP-STM [52,53]. As demonstrated above, the
spin states of this atomic protrusion arise from atomic-like
and surface-induced states. Contrary to the first, the sec-
ond contribution is predicted to favor in vacuum a change
in sign of the spin polarization, indicating that minute
changes in the tip-apex structure can yield opposite spin-
polarizations. We expect this result to be robust on tip-
apex contaminations, for example if the apex atom is a
weakly-magnetic Cu atom (Fig. 9e), in agreement with
recent findings [53].

Molecules. SP-STM and SP-STS studies can also be
extended to single molecules. This is done by depositing
single CoPc molecules on the cobalt islands. Figure 10a
shows the typical adsorption of CoPc on the Co/Cu(111)
system. Below 0.1 monolayers CoPc adsorbs preferentially
on cobalt, either on top of the nanoislands or along the
edges. On the islands, CoPc exhibits a four-lobe pattern
1.4 nm wide consistent with the ideal structure of the
molecule (Fig. 10b). Prior to the SP-STS measurements
we performed extensive STS measurements on molecules
adsorbed on a large number of islands and all the spectra
were identical, indicating that the molecular adsorption is
the same on the islands of same stacking. Spin-polarized
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Fig. 10. (Color online) (a) STM image of CoPc molecules de-
posited on a Co nanoisland grown on Cu(111) (25 × 25 nm2,
0.1 V, 1.0 nA). (b) The model structure of the CoPc molecule
(c) dI/dV spectra acquired over the center of single CoPc
molecules adsorbed on Co nanoislands of opposite magneti-
zation (feedback open at 0.6 V, 0.5 nA).

dI/dV spectra are presented in Figure 10c for molecules
residing on islands of opposite magnetization. The dI/dV ,
which were acquired over the cobalt atom of CoPc, present
a peak-like feature at −0.15 V that differs in amplitude
depending on the “up” or “down” orientation of the is-
land magnetization. As in the case of the cobalt islands
(Fig. 7), this result indicates that the molecules have SP
states in this bias range. While this spin-polarized fea-
ture is fairly reproducible, the spectra at lower biases are
tip dependent. This probably arises from different atomic
configurations of the tip apex (see Sect. 4.2). Neverthe-
less, these spectra show that CoPc molecules residing on
islands of opposite magnetization have an opposite spin-
polarization, which can then be visualized through dI/dV
maps [7]. These maps show, in particular, that the SP
signal is located above the Co atom of CoPc.

First-principles calculations based on density func-
tional theory by means of the PWscf package were car-
ried out to gain insight into the spin polarization of
CoPc observed by SP-STM. A detailed presentation of
the calculations can be found elsewhere [7]. In the low-
est energy configuration, the Co atom of the molecule
is found to adopt a bridge position with respect to the
substrate atoms. This is in part due to the N atoms,
which participate along with the rest of the benzopyrrole
rings to the covalent bond with the nanoisland. Theoret-
ical calculations show that the SP-STS signal is carried
by minority dxz, dyz and dz2 states of Co. The mag-
netic coupling between the molecule and the Co island
is found to be ferromagnetic and arises from a direct
Co−Cosurface exchange interaction, as well as from an indi-
rect Co−N−Cosurface superexchange interaction. The lig-
ands of the molecule therefore actively influence the SP
properties of the molecule through the adsorption of CoPc

on the island, and through the magnetic coupling. This
opens up the interesting perspective of optimizing the
spin-polarization by a careful choice of the ligands that
link the molecule to the surface.

5 Conclusions

To summarize, we presented the surface electronic states
of cobalt nanoislands grown on Cu(111) and Au(111).
These spin-polarized states involve d-like localized states
of minority character, as well as free-like s−p states of ma-
jority character near the Fermi energy, which were shown
to be sensitive to structural details such as strain and
stacking. Cobalt islands on Cu(111) were also used as a
magnetic substrate to support single-magnetic adsorbates
accessible by SP-STM and SP-STS. In an energy interval
just below the Fermi level, the spin-polarization of these
adsorbates was shown to be governed by surface-induced
states and by adsorbate-related states. Both contributions
are present in the atoms, the surface-induced states favor-
ing a change in sign of the spin-polarization with respect
to the island. The spin-polarization of the molecules, on
the contrary, is governed by molecular states, which for
CoPc correspond to the minority d-states of the central
Co atom. The combination of a carefully chosen adsor-
bate with a magnetic surface constitutes a spin-selective
approach for SP engineering.
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P. Wahl, K. Kern, Phys. Rev. B 77, 125437 (2008)
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