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Abstract

Ferromagnetic thin films play a fundamental role in spintronic applications as a source for spin
polarized carriers and in fundamental studies as ferromagnetic substrates. However, it is challenging
to produce such metallic films with high structural quality and chemical purity on single crystalline
substrates since the diffusion barrier across the metal-metal interface is usually smaller than the
thermal activation energy necessary for smooth surface morphologies. Here, we introduce epitaxial
thin Co films grown on an Au(111) single crystal surface as a thermally stable ferromagnetic thin film.
Our structural investigations reveal an identical growth of thin Co/Au(111) films compared to Co
bulk single crystals with large monoatomic Co terraces with an average width of 500 A, formed after
thermal annealing at 575 K. Combining our results from photoemission and Auger electron
spectroscopy, we provide evidence that no significant diffusion of Au into the near surface region of
the Co film takes place for this temperature and that no Au capping layer is formed on top of Co films.
Furthermore, we show that the electronic valence band is dominated by a strong spectral contribution
from a Co 3d band and a Co derived surface resonance in the minority band. Both stateslead to an
overall negative spin polarization at the Fermi energy.

1. Introduction

The general interest in ferromagnetic thin films is based on their important role both for spintronic applications
as well as for fundamental research in magnetism. On the one hand, in modern spintronic assemblies such as
magnetic tunnel junctions, ferromagnetic thin films are used as source for spin polarized carriers which can
subsequently be injected into non-magnetic materials [ 1-5]. The efficiency of this injection process determines
the overall performance of the device and depends crucially on the structural epitaxy and the energy level
alignment of the spin-polarized band structure across the interface. On the other hand, in studies focusing on
the adsorption of inorganic and organic materials on ferromagnetic surfaces, fundamental insight into the
growth properties and the spin-dependent interactions across adsorbate-ferromagnetic metal interfaces can
only be obtained for surfaces with low defect concentrations and large atomically flat terraces. In addition, thin
films can reveal a uniform magnetization which is crucial for experimental studies without spatial resolution.
Along these lines, many studies focused on the growth properties of ferromagnetic materials such as cobalt,
nickel or iron on different noble metal surfaces [6—16]. A prototypical model system which has been studied
extensively in the last decades is Co on Cu(001) [17-27]. On this noble metal surface, thin cobalt films do not
grow in a hexagonal crystal structure as expected from Co bulk crystals, but in a face-centered cubic (fcc) phase
with a 2% larger surface lattice constant then the Cu(001) surface [20]. This small mismatch between both
lattices leads to the formation of a metastable tetragonally distorted fcc structure with surface orientation in
(001) direction. The magnetic anisotropy is oriented in-plane with its uniaxial anisotropy axis along the [110]-
direction of copper. Due to the well known structural and electronic properties of Co/Cu(001) films, this
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material system has been exploited as ideal substrate, for example to study the interactions between organic or
inorganic adsorbates and ferromagnetic surfaces [21-31]. In this respect, however, the low diffusion barrier of
copper into the cobalt film makes Co/Cu(001) thin films grown at room temperature thermally unstable [23].
Thermal activation at 450 K results in an interdiffusion and intermixing of both elements [ 18, 32—-35] which
leads to a significant quenching of the magnetic properties of the Co films [33]. This is a strong drawback for the
structural properties of such films since the formation of large terraces and smooth film morphologies requires
thermal activation of surface diffusion. Similarly, thermal activation of surface diffusion and rotation is also
necessary for (organic) adsorbates on ferromagnetic surfaces to ensure long range order in these adsorbate films.

In this paper we overcome these limitations by proposing Co/Au(111) as a thermally stable ferromagnetic
thin film that can be grown at room temperature. We present a comprehensive study of the structural, electronic
and spin-dependent properties of thin Co films grown on a Au(111) surface. The studies have been conducted by
scanning tunneling microscopy (STM), low-energy electron diffraction (LEED), Auger electron spectroscopy
(AES), x-ray photoelectron spectroscopy (XPS), and spin-resolved photoemission spectroscopy (SR-PES).

The morphology of as-grown and annealed Co/Au(111) films was investigated by STM for two Co coverages
of 8 and 20 monolayers (ML) which corresponds to 16 and 40 A, respectively. After Co deposition at room
temperature, Co forms small islands with an average size smaller than 120 A. These islands are transformed into
atomically flat terraces with average size of up to 500 A by sample annealing at 575 K for at least 10 min. This
observation clearly underlines the necessity of thermally induced surface diffusion to obtain high quality Co
films. Subsequently, our LEED studies reveal the growth behavior of Co/Au(111) as a function of the Co film
thickness after sample annealing to 575 K. After an initially pseudomorphic growth of Co on Au(111), clear
indications of a structural transition to a hexagonal crystal structure with a surface lattice constant similar to the
(0001) oriented surface of Co single crystals could be observed starting from 4 ML coverage. Above a coverage of
4 ML Co, the surface exhibits large monoatomic terraces. By using AES and XPS we are able to monitor Au
contamination within the Co layer which allows us to exclude diffusion from Au into the thin Co-film for the
sample annealing procedure applied in all our experiments, i.e., 575 K for 10 min. This indicates a higher
thermal stability of Co/Au(111) compared to the model system Co/Cu(001) [18, 32—35] which is high enough
to thermally activate the formation of ordered adsorbate overlayers on this ferromagnetic surface. Finally, our
spin-resolved photoelectron spectroscopy experiments are used to characterize the valence electronic and spin-
dependent properties of these films. We found clear signs of a surface resonance in the minority band structure
which results in a negative spin polarization of the valence electrons at the Fermi level.

2. Experimental setup

All sample preparations were performed in an ultra-high vacuum (UHV) environment with base pressures
lower than 2 x 107 '° mbar. The surface of a (111)-oriented gold crystal was cleaned by repeated cycles of argon
ion bombardment and subsequent annealing at a temperature of 805 K. This procedure is known to result in
well-ordered surfaces with large terrace widths of approx. 500 A [36]. The Au(111) surface also showed sharp
diffractions spots of the 22 x /3 herringbone reconstruction [37] visible up to the third order. Subsequently,
cobalt films were evaporated onto a clean Au(111) surface by electron beam epitaxy using a commercial
evaporator (FOCUS EFM3). All Co films were grown at room temperature. The Co coverage was determined by
deposition rate and time, monitored with a quartz micro balance and confirmed by the attenuation of dedicated
substrate signals in AES and XPS. Structural characterization of the Co films was performed by LEED usinga
3-grid SpectaLEED system (Omicron). As a complementary method the surface structure and roughness was
also determined by scanning tunneling microscopy (STM) experiments using an Omicron VT-AFM XA system.
All STM data were recorded in the constant current mode at room temperature.

The valence band structure of the films was characterized by ultraviolet photoemission spectroscopy (UPS)
using a hemispherical analyzer (SPECS 150) and monochromatic He-I radiation (hv = 21.2 eV) of a gas
discharge source. Additionally, spin-resolved photoemission experiments (SR-PES) were carried out with a
commercial cylindrical sector analyzer (Focus CSA 300) exhibiting an energy resolution of 420 (210) meV at pass
energy of 8 (4) eV for He-I radiation (UV laser radiation) and an acceptance angle of +13°. The spin-resolved
photoemission yield was detected with a SPLEED analyzer (FOCUS) mounted after the CSA energy analyzer.
The energy dependent spin polarization P(E) is determined from the experimental signals as

P l\/IlA - by — Jba - Iip
SVha - bg + Jba - I

where S = 0.2 is the spin sensitivity factor (Sherman factor). I} o /s and I 4/ are the experimental signals
recorded with the SPLEED detector for two opposite sample magnetization directions A/B. This data acquisition
procedure allows us to remove the instrumental asymmetry of the detector. The spin-polarized photoemission
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Figure 1. STM images of two different cobalt thicknesses: 8 ML in the upper row, 20 ML in the lower row. The STM images on the left
side show Co films prior to sample annealing (a): Upias = 1.5 V, Lunnel = 1.3 nA; (¢): Upjas = —0.5 V, Lynnel = 1.8 nA), on the right
side after sample annealing at 575 K (b): Upias = —1.5 V, Liynnet = 1.3 nA; (d): Upias = —2.0 V, Liynnet = 1.8 nA). For the 20 ML Co
film, the change in surface morphology is quantified in the height histogram in panel (e) which shows the relative height distribution
within one terrace of the Co islands extracted from the STM data in panels (c) and (d). Moreover, a line profile across a monoatomic
step edge of the annealed Co films is shown in (f). The direction of the line scan is illustrated in panel (d) as dotted line.

spectra are obtained from the spin polarization by

Ly =1I-(1+P)

where I is the spin-integrated average photoemission intensity. (ArrowUp) and (ArrowDown) indicate majority
and minority electrons, respectively.

The chemical composition of the thin Co/Au(111) films was determined using XPS and AES. All XPS
measurements were performed using linear polarized synchrotron radiation with a photon energy of 420 eV at
the NanoESCA endstation of the Elettra synchrotron radiation facility in Trieste, Italy.

3. Growth, morphology and chemical composition of Co films on Au(111)

First, we discuss the morphology and surface roughness of the Co films grown on Au(111) as investigated by
STM at room temperature. In the STM studies, we have considered two Co nominal coverages: 8 ML

(figures 1(a) and (b)) and 20 ML (figures 1(c) and (d)). Figures 1(a) and (c) show large-scale STM images of the as
deposited 8 ML and 20 ML Co. The 8 ML film consists of Co islands with average size of 80 A. These islands are
arranged in stripes with an average distance of 120 A. The stripes are rotated by 120° with respect to each other
and follow the orientation of the gold herringbone reconstruction. In agreement with previous studies [38—40],
we expect that Co starts to nucleate at the elbows of the Au reconstruction and subsequently forms linear rows of
Coislands. These findings again demonstrate the strong influence of the Au(111) surface on growth properties
for thin Co films. In contrast, the morphology of the high coverage Co film is dominated by randomly arranged
islands with a slightly larger average size of 150 A. For these films, the influence of the Au(111) surface on the
morphology of the as-grown Co film is significantly reduced which leads to the absence of any preferential
orientations of the Co islands.

The morphology of the Co films changes significantly for both coverages after thermal activation, i.e., after
sample annealing at 575 K for 45 min. Instead of small islands, atomically flat terraces with a step height of 2 A
(see figure 1(f)) are observed as illustrated in the corresponding STM images in figures 1(b) and (d), respectively.
The average size of these terraces is at least 500 A and therefore comparable to typical terraces of metal single
crystal surfaces. The surface roughness can be estimated from the height histogram plots from figure 1(e) and
yields a root mean square (RMS) value of 1.4 A and 0.16 A for the 20 ML film prior and after sample annealing at
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Figure 2. Typical LEED pattern recorded with scattering energy E = 60 eV: (a) pristine Au(111) surface showinga 23x+/3
herringbone reconstruction (orange dots mark the second order), (b) a cobalt thickness below 3 ML (pseudomorphic phase), (c) at
approx. 4 ML (transition between pseudomorphic and relaxed phase), and (c) between 4 ML and 20 ML (relaxed bulk-like phase). All
LEED data were recorded after sample annealing at 575 K for 10 min
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Figure 3. Structural model of the Moiré pattern observed for Co coverages below 4 ML. The unit cell vectors of the different lattices are
marked for gold (yellow), cobalt (red) and the Moiré structure (blue).

575 K, respectively. A direct comparison between figures 1(b) and (d) reveals that the Co terraces are slightly
larger for Co films with higher coverages. These STM investigations clearly show the necessity of sample
annealing up to 575 K to produce high quality Co films on Au(111) with large atomically flat terraces. While
similar changes in surface morphology were also reported for ultrathin ferromagnetic films grown on different
single crystalline surfaces such as Ru(0001) [41] and Fe(001) [42], our results show that this thermal activation
procedure can also be extended to bulk-like ferromagnetic films.

Moreover, the shape of the islands edges is different for both coverages. For the low Co coverage film, the
terraces show sharp and straight edges that are oriented along high symmetry directions of the gold substrate.
This indicates that the formation of atomically flat islands is still determined by the structure and morphology of
the Au(111) surface and its surface reconstruction. When increasing the Co thickness, the island edges become
smooth and curved. This transition must be attributed to the reduced influence of the Au(111) surface. Instead,
the shape of the Co islands must be the result of an optimization of the free energy of the Co surface. In addition,
the step height of 2.0 A observed for the 20 ML Co film matches the expected value for the spacing between two
Co planes of a bulk crystal and hence also points to the formation of bulk-like Co films which are no longer
influenced by the Au substrate.

At this point, it is also important to note that we do not observe any indications for an Au capping of the Co
films studied with STM. In particular, there are no signs for the formation of locally ordered surface
superstructures or even of a herringbone-like surface reconstruction as known for hexagonal Au surfaces.
Although STM is not the ideal experimental tool to study chemical compositions of surfaces, these results are a
first hint that Au atoms do not accumulate on the Co surface and do not form a closed Au capping layer.

After this initial discussion of the surface morphology, we now discuss the growth behavior of Co on Au(111)
as investigated by LEED. Depending on the Co coverage, the LEED diffraction patterns shown in figure 2 reveal
three different crystalline structures. Figure 2(a) shows the LEED pattern of the pristine Au(111) surface with a
hexagonal pattern with six bright and narrow diffraction maxima. Figure 2(b) shows the LEED pattern of a thin
Co film with coverage below 3 ML. The radial position of the first order diffraction spots still corresponds to the
surface lattice constant of the bare gold surface (2.88 A). A closer look at figure 2(b) shows that each of the six
diffraction maxima is surrounded by six satellite peaks that are also arranged in a hexagonal pattern (indicated by

4



IOP Publishing NewJ. Phys. 18 (2016) 103054 N Haag et al

a) I Au l4f l Co il’,p b)

37 ML €o annealed

El ] Au(111)
£
2 — as grown
T 1 o
[} .
= Ke)
= 32MLEq 5, annealed
5 | B
() =
5 NN —_ | ©
o 125 ML Co ]
©
°©
~ ]
Au x 0.08 hv =420 eV
T ) T ) T ) T j Au C O Co
90 80 70 60
Binding energy [eV] Auger electron energy [eV]

Figure 4. (a) XPS spectra recorded at an photon energy of 420 eV for clean Au(111) and Co coverages of 25 ML, 32 MLand 37 ML.
The layer with 37 ML was subsequently annealed by our standard procedure (10 min at 575 K). A Shirley background was subtracted
from all XPS spectra and the data were normalized to the photon flux. (b) Auger electron spectra of the clean Au(111) surface (top) and
ofa 12 ML Co film prior (middle, as grown) and after sample annealing at 575 K for 10 min (bottom, annealed). The spectra are
obtained with 3 keV primary electron energy.

blue dots in figure 2(b)). Most intriguing, this hexagonal arrangement is rotated by 30° with respect to the
satellite diffraction maxima of the bare Au(111) surface (orange dots in figure 2(a)) and hence cannot be
explained by a preferred growth of Co along the Au herringbone reconstruction. Instead, these diffraction spots
can be attributed to a hexagonal superstructure with a periodicity of 31.5 + 2.7 A and an azimuthal orientation
similar to the hexagonal grid of the bare gold surface. Within the experimental uncertainty, this superstructure
matches the Moiré structure which was already reported for ultrathin (<4 ML) Co films on Au(111) by Cagnon
etal[43]. In this coverage regime, they proposed that Co forms a commensurate superstructure with 11 Co
atoms per 10 gold surface atoms as shown in the real space model of the Moiré structure in figure 3(a).

For a Co coverage of 4 ML (figure 2(c)), we observe six additional diffraction maxima with similar azimuthal
orientation but larger distance from the center of the surface Brillouin zone than in figure 2(b). The radial
position of these diffraction maxima points to a surface lattice constant of 2.7 + 0.2 A. This value is slightly
smaller compared to the lattice constant of the clean Au(111) surface (2.88 A) and indicates that Co grows in a
hexagonal structure with slightly smaller unit cell vectors. The smaller unit cell size is expected due to the smaller
size of Co atoms compared to Au atoms. For Co coverage above 4 ML (figure 2(d)), only the new diffraction
features can be observed while the ones of the initial Co film are completely attenuated. The lattice constant of
this new hexagonal structureis 2.5 + 0.2 A and hence almost identical to the surface lattice constant of the
corresponding cut through a Co bulk crystal [44]. This clearly shows that beyond a critical Co coverage of 4 ML,
Co grows in a relaxed structural phase that is no longer influenced by the Au(111) lattice. In addition, all
diffraction features of equal diffraction order show an identical intensity modulation depending on the electron
scattering energy, proving a hexagonal stacking order of Co layers in our films, in good agreement with previous
studies [45]. This conclusively shows that the crystalline structure and the structural surface properties of thin
Co films undergoes a transition from pseudomorphic growth with a larger lattice constant up to 4 ML coverages
to arelaxed growth mode that is structurally identical to the Co(0001) surface of a single crystal. For Co
coverages larger than 20 ML, no further changes could be observed.

The chemical composition of as grown and annealed (575 K for 10 min) Co films on Au(111) was
investigated by x-ray photoemission spectroscopy (XPS) and Auger electron spectroscopy (AES). To determine
the surface termination and the chemical composition of the Co/Au films, XPS spectra were recorded in the
binding energy range from 45 eV up to 93 eV for different Co coverages (figure 4(a)). This energy region includes
the Au 4fas well as the Co 3p core levels and enables us to monitor signals of the substrate and adsorbate
material. For increasing Co coverage, the signal of the Au 4flevels is continuously attenuated while the Co 3p
signal increases almost exponentially with coverage. Most importantly, the Au signal is completely suppressed
for the largest cobalt coverage of 37 ML which does not change even after subsequent annealing. This allows us
to rule out a gold contamination within a probing depth of 50 A. The latter value was estimated by assuming a
reduction of the Au 4f signal below 1% of the initial intensity and an electron mean free path of approximately
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10 A [46] for the given kinetic energy. This result provides clear evidence that no additional gold adlayer is
formed as capping layer on top of epitaxial cobalt film grown on Au(111).

In addition, the Auger electron spectra of the as-grown and the annealed sample are shown in figure 4(b)
together with the reference spectrum of the clean Au(111) surface. The AES signal of the as-grown Co film
(center line in figure 4(b)) is dominated by two sets of Auger peaks: the Co LMM peaks in the energy range
between 600 eV and 800 eV, and the Au NOO peaks between 150 eV and 300 eV. The latter peaks exhibit a very
low intensity and are clearly attenuated compared to the AES signal of the clean Au(111) surface (top line). A
detailed analysis of the peak-to-peak amplitudes of the Auger signals including energy dependent sensitivity
factors for each element [47] resulted in the following chemical composition of the surface region of the Co/Au
film: 79% cobalt (775 eV), 19% gold (239 eV), 2% carbon (272 eV) and <1% oxygen (503 eV). The latter two
species are due to a minor contamination of our sample during the evaporation procedure. The same analysis of
the spectra of the sample annealed at 575 K for 10 min (bottom line) reveals a chemical composition of 84%
cobalt and 14% gold. The carbon contamination stays constant at a value of 2%. The presence of the AuNOO
signal is not surprising when considering the 12 ML coverage of the Co film. In analogy to the discussion of core
level data above, the probing depth for electrons of the Au NOO signal at 239 eV can be estimated to be 42 A [46].
Hence, the remaining intensity of 19% and 14% arises from the gold substrate underneath the cobalt film. The
reduction of the Au signal by the annealing procedure is in good agreement with the morphology changes
observed in the STM data in figure 1 that suggest a flattening of the Co islands. Furthermore the results prove the
absence of an Au covering layer or superstructure on top of the Co film as such a layer would produce a large
signal independent of the film thickness for the Au related peaks in both the AES and the XPS measurements.

In conclusion, our XPS and AES studies provide clear evidence for the thermal stability of the chemical
composition of the thin Co films during our sample annealing procedure even for the buried interface between
Au(111) and the cobalt layer.

The effect of diffusion of substrate atoms into magnetic films is also heavily discussed in the literature.
Speckmann et al [48] observed clear indications for Au diffusion into ultrathin Co films with Co coverages
between 2—4 ML. We believe that these results are not in contradiction to our study of Co(0001) films with film
coverages beyond 12 ML. However, we can speculate that the effect of interdiffusion of Au into Co is more
crucial for thin Co films since the activation of surface diffusion is significantly smaller than for bulk diffusion
[32]. Therefore for thicker films, the thermal activation energy at 575 K is not high enough to trigger a significant
diffusion of Au into the Co bulk. This can explain the different conclusion of our work and the study of
Speckmann et al [48] regarding the thermal stability of thin Co films on Au(111).

4. Electronic and spin-dependent properties of thin Co(0001) films

After the detailed characterization of the growth behavior and the chemical composition of thin Co films on
Au(111), we now focus on their electronic and spin-dependent properties as studied by ultraviolet
photoemission spectroscopy (UPS) and spin-resolved photoelectron spectroscopy (SR-PES). The left panel of
figure 5 shows UPS spectra with increasing Co coverage (top to bottom), recorded in normal emission geometry.
All spectra of thin Co films show a clear spectroscopic feature arising close to the Fermi level, which can be
attributed to 3d bulk bands of the Co film. A similar peak has also been reported for thin Co films on Cu(001)
[19,49]. The photoemission maxima at larger binding energies (between 3.9 ¢V and 6.1 eV) can be assigned to
the Au 5d bands that are continuously damped for increasing Co coverage. A quantitative evaluation of the peak
area of the Au bands yields a clear exponential behavior with a decay rate that matches the electron mean free
path of approximately 3.5 ML [46]. This exponential reduction of the Au signal supports again the suggested
layer-by-layer growth of the Co films in agreement with our previous STM studies. Sample annealing does not
alter the spectroscopic shape of the Co valence band structure (last graph in figure 5(a)). In accordance with all
previous results, these photoemission data clearly support our statement of the large stability of thin Co films
during the sample annealing procedure.

More insight into the magnetic properties can be obtained by spin-resolved PES. The 20 ML Co(0001) film
was magnetized in remanence along the [1100] direction by an external magnetic field of 10 mT. This leads to an
uniform in-plane saturation magnetization of the Co film in the absence of an external magnetic field [33]. The
photoemission spectra of the minority and majority spin channel are shown in figure 5(b) as red and blue lines.

The spin resolved photoemission spectra in figure 5(b) show a clear 3d bulk signal in both spin channels with
highest spectral intensity at a binding energy of 0.9 eV, but with a significantly different spectral shape. In
addition, a sharp spectroscopic feature can be observed close to the Fermi energy in the minority spin channel
that is not present in the majority spin channel. These differences are directly reflected in the spectroscopic
features of spin polarization in figure 5(¢). In the binding energy range above 4 eV (i), a constant spin-
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Figure 5. (a) Ultraviolet photoemission spectra for increasing Co coverage and a subsequently annealed film. (b) Spin-resolved
photoemission spectra of a 20 ML Co film after annealing showing the minority and majority spin channels als red and blue,
respectively. (c) The resulting spin polarization of the same film.

polarization of around +10% is found. Closer to the Fermi energy, the spin-polarization first reveals a broad
maximum at 2.8 eV (ii), and subsequently decreases to negative values up to —30%.

A similar shape of the spin-polarization was already reported for thin Co(0001) films [50, 51] and even for
Co(001) films on Cu(001) [19, 49]. In our case, however, the spin-polarization does not only reveal one broad
dip close to the Fermi energy as reported before [21, 22, 52], but consists of two distinct features. The first dip at
0.9 eV below E. coincides with the intense peak in the spin resolved photoemission spectra in figure 5(b), while
the second dip at 0.3 eV below Er does not correspond to any characteristic spectral intensity in the
photoemission spectra. Yet we attribute this band to the surface resonance of the Co(0001) surface.

This is in accordance with high resolution angle resolved photoemission studies which already reported the
existence of a surface resonance with small energy dispersion for hcp Co films [12, 53]. This also matches with
theoretical studies of Co(0001) predicting the existence of a surface state or resonance at the I'-point of the
surface Brillouin zone [54]. At this point, it should be mentioned that our experimental findings for the entire
spin polarized valence band structure fits also perfectly to previous theoretical efforts performed for Co(0001)
[54]. This underlines the similarity between thin Co(0001) films with coverages beyond 20 ML and Co bulk
crystals.

In order to confirm the existence of a surface resonance with minority spin character in the photoemission
spectra of the Co(0001) films at 0.3 eV below Eg, we also performed spin-resolved PES experiments using the
fourth harmonic of a femtosecond laser system as excitation source. Figure 6(a) displays the spin-resolved
photoemission spectra and the corresponding spin polarization recorded in normal emission geometry with p-
and s-polarized laser light. The most striking difference between the SR-PES data for p- and s-polarized light
occurs in the minority spin channel. Here, a distinct maximum is visible at —0.3 eV for excitation with
p-polarized light, while it is absent for excitation with s-polarized light. Considering the polarization selection
rules for normal emission geometry, only p-polarized light, i.e., light with an electric field vector component
perpendicular to the surface, can excite initial states with A (highest azimuthal) symmetry such as surface
resonances with orbital wave functions perpendicular to the surface, i.e., exhibiting p, or d, orbital character.
These states will hence not contribute to the photoemission intensity when excited with s-polarized light, i.e.,
light with an electric field vector oriented parallel to the surface. Therefore, we can conclude that the peak in the
minority photoemission spectrum for p-polarized light is due to a surface resonance with minority spin and d,
orbital character, in agreement with a previous spin polarized STS study on Co(0001) [55]. This state is hence
responsible for the negative peak in the spin-polarization at 0.3 eV below Er (see figures 5(c) and 6(a)). The
existence of a surface state is also a strong indication for a contamination free surface and hence provides further
evidence that the Co regions close to the surface is not contaminated by diffusion of Au atoms.
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Figure 6. SR-PES experiments for an annealed cobalt film of 20 ML thickness obtained with (a) IPPE (5.9 eV, s-(blue) and
p-polarization (orange)) and (b) 2PPE (2.95 eV, s- (blue) and p-polarization (orange)).

The spin polarization determined with s-polarized light (blue line in figure 6(a)) is positive in the entire
energy range and decreases continuously from 15% at —1.0 eV to 5% right at the Fermi level. This is different
compared to the negative spin-polarization found in the entire binding energy between 2 eV and the Fermi level
in the VUV-PES data of figure 5(c). This discrepancy can be attributed to the photoemission process itself, as
different electronic transitions for different photon energies lead to different experimental spin polarizations.
However, since final state effects are more crucial for low photon energies used in laser spectroscopy, we
speculate that the experimental spin polarization determined by VUV excitation is dominated by the spin-
polarization of the initial state while the one obtained with laser excited is strongly influenced by final state
effects. Note that a similar effect was observed for the model system Co/Cu(001). For this ferromagnetic surface,
a positive spin polarization was reported for the occupied valence states using laser based excitations even
though theoretical calculations predicted a negative spin polarization of the 3d states close to the Fermi
level [18].

This effect is even enhanced in the spin-resolved two-photon photoemission (2PPE) spectra shown in
figure 6(b), again recorded for p- and s-polarized laser light (photon energy 3.1 eV). 2PPE is sensitive not only to
the initial and final state, but also to the intermediate state between the Fermi and the vacuum energy populated
during the 2PPE process [56]. The spectra in figure 6(b) show a rather similar shape with no distinct maxima,
pointing to the absence of unoccupied bands with large density of states in this energy range. In addition, no
significant difference can be observed for p- and s-polarized excitation which indicates the absence of any
unoccupied surface state. As a result, the spin polarization is almost identical in both cases and shows an almost
constant value of around 25% over the complete spectral range. This spin-polarization is significantly larger
than the one obtained by 1PPE. This effect is also well known for the model system Co/Cu(001). In analogy to
the latter case, we attribute this behavior to the spin-filtering effect in the 2PPE process resulting from the spin-
dependent electron scattering rates in the intermediate state [56, 57].
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5. Summary

In conclusion, we have investigated the initial growth behavior of epitaxial Co films on an Au(111) single crystal
surface by LEED and STM. Below Co coverages of 8 ML, the ultrathin Co films still reflect the influence of the
Au(111) substrate. Besides a pseudomorphic growth for coverages below 3 ML, the edges of the Co islands
follow high symmetry directions and steps of the Au(111) substrate even after thermal activation. Beyond
coverages of 20 ML, the properties of thin Co films on Au(111) are identical to the ones of a Co bulk crystal. The
surface reveals a hexagonal surface unit cell identical to the Co(0001) surface of a Co bulk crystal with large
terraces of 500 A average size.

Moreover, the spin-dependent electronic properties of such a bulk-like Co film are also identical to a Co bulk
crystal as revealed by SR-PES. The valence band structure is dominated by the Co 3d bands with dominant
density of states in the minority spin signal close to Er. Besides the Co 3d bands, we could identify a surface
resonance close to the Fermi level which leads to a second negative dip in the spin polarization curve. All these
findings lead to the conclusion that the geometric, electronic and spin-dependant properties of epitaxial Co
films on Au(111) are identical to the ones of a Co single crystal.

Most importantly, we were also able to provide clear evidence of the thermal stability of bulk-like Co films up
to sample annealing temperatures of 575 K. The chemical composition of the Co films does not indicate the
formation of an Au capping layer on top of the Co films. In addition, the chemical composition is not
significantly altered by sample annealing cycles which points to a negligible diffusion of Au atoms into the Co
film for sample annealing temperatures up to 575 K. This has consequences for the surface morphology of the
Co film which is significantly improved by sample annealing at high sample temperature. Moreover, the high
thermal stability of thin Co/Au(111) films makes this epitaxial Co-substrate highly interesting for fundamental
studies of interfaces formed between non-magnetic metals and ferromagnetic Co or between organic adsorbates
and ferromagnetic Co. For the latter case, thermally activated diffusion or rotation of (organic) adsorbates on
ferromagnetic surfaces becomes possible without contaminating the ferromagnetic substrate. This will be a vital
step on the route to fabricate ordered organic adsorbate layers on ferromagnetic surface, as recently shown by
Kollamana et al [58].
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