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Bulk and surface states of a clean and Cs-doped surface of a Co film grown on Cu�001� have been studied
by spin-resolved photoemission �SR-PE� and compared with band structure calculation results. One-photon
�1PPE� and two-photon �2PPE� photoemission spectra from clean Co films are found to be dominated by a
peak located at a binding energy of about 0.4 eV with respect to EF, which is assigned to the spin up 3d bulk
state. Slight Cs-doping of a Co�001� surface shifts an image potential state in resonance with the sp-states of
the conduction band. SR-2PPE study of the optically-induced electron population in such an image resonance
reveals a strong dependence on the set polarization of the laser light. We are able to directly detect the spin
polarization of electrons photoemitted from the image resonance state, which can be varied from highly-
polarized �about bulk values� to almost unpolarized when tuning light polarization of the pump laser pulse
from s to p.

DOI: 10.1103/PhysRevB.74.195416 PACS number�s�: 79.60.�i, 73.20.At

I. INTRODUCTION

Spintronics is a fast-developing field, which is based on
the manipulation of the spin degree of freedom.1,2 Successful
application of spin-based devices requires a thorough clarifi-
cation of the spin polarization transport and injection in sol-
ids. Ferromagnets are commonly used as an intrinsic source
of the spin-polarized charge carriers. The principle of opera-
tion of devices such as spin valves or magnetic tunnel junc-
tions is based on the electronic band structure, which is de-
pendent on the spin direction.1,2 Naturally, an understanding
of their occupied and unoccupied magnetic bulk and surface/
interface states is essential.

Surface states attract considerable interest as they extend
the fundamental knowledge about surface electronic struc-
ture. Their wave functions are strongly coupled to the surface
band structure of the crystal, and they can serve as a conve-
nient probe for studying electronic structure and dynamics at
surfaces. Several authors presented the possibility to investi-
gate surface ferromagnetism and magnetization dynamics by
probing the state of crystal-induced or image-potential sur-
face states.3–6

In a two-photon photoemission �2PPE� study, Wallauer
and Fauster �Ref. 4� showed that the spin-splitting of the
ferromagnetic image state can be effectively used to demon-
strate that the top surface layer of a Fe�001� surface is fer-
romagnetic, an issue that had been under discussion for
many years. The sophisticated use of dipole selection rules
determining the spin-dependent transition probabilities be-
tween the bulk valence band and the image state play a key
role in this study.

In this paper, we show that these properties make it pos-
sible to control the degree of spin polarization of an optically
excited surface state population. We observe that by rotating

the electric field vector of the exciting light, the spin polar-
ization degree of a Co�001� surface resonance can be tuned
from unpolarized to more than 40%, the value of the Co bulk
spin polarization. Parallel to our experimental findings,
ab initio calculation of the Co�001� and surface band struc-
ture are exploited.

This paper starts with a brief introduction into the spin-
resolved 2PPE technique which has been used in this work to
probe the spin polarization of the Co�001� excited surface
resonance. Details of the occupied electronic band structure
of Co�001� as revealed by spin-resolved 2PPE under consid-
eration of band structure calculations are discussed in com-
parison to conventional PE results in the following section.
These electronic bulk states act as initial states for the photo-
induced population of a Co�001� surface resonance which
becomes accessible in our experiment after a moderate low-
ering of the work function by adsorption of cesium. Our
spin-resolved data using p- and s-polarized light is discussed
in the final section of this paper.

II. EXPERIMENT

The experimental set-up for our studies is similar to the
one reported in Knorren et al. �Ref. 7�. In brief, a femtosec-
ond Ti:Sapphire laser is used as a pulsed light source. The
system delivers sech2 temporal shaped pulses of up to
10 nJ/pulse at a repetition rate of about 80 MHz covering a
wavelength regime between 730 nm and 890 nm. The lin-
early polarized laser output is frequency doubled in a
0.2 mm thick �-barium-borate crystal �BBO� to produce
light pulses of h��3.1 eV. Both fundamental �IR� and sec-
ond harmonic �UV� laser light can be focused onto the
sample which is mounted in an ultrahigh vacuum �UHV�
chamber with a base pressure below 10−10 mbar. The high
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peak intensity of the laser pulses enables the 2PPE of elec-
trons from the surface. This technique is sensitive to both
occupied as well as unoccupied states of the surface. In con-
sideration of the dipole selection rules, this method also al-
lows insight into the coupling between these states. As a
typical photoemission method, 2PPE is intrinsically sensitive
to surface states such as image-potential states, Shockley
states or Tamm states.8 On the other hand, due to the en-
larged mean free path of the low energetic electrons involved
in the 2PPE process, this method has also been applied suc-
cessfully in the investigation of bulk electronic properties.9,10

The photoemitted electrons are analyzed by a commercial
cylindrical sector analyzer �Focus CSA 300� equipped with
an additional detector for spin-polarized electrons based on
spin-polarized low-energy electron diffraction �Focus-
SPLEED�. The energy resolution was set to roughly 50 meV
resolution �closed entrance slit� for the spin-integrated mea-
surements, and 100 meV to 150 meV �open entrance slit� for
the spin-resolved measurements. The acceptance angle of the
analyzer is ±13°. The orientation of the sample is 45° with
respect to the laser beam, and electrons are detected in the
normal-emission geometry.

Several degrees of freedom provided by our optical set-up
of the experiment allow a high flexibility in performing the
2PPE experiments. So-called monochromatic �UV-UV� and
bichromatic �IR-UV� experiments can be performed in which
two separate light pulses are incident onto the surface, thus
inducing the photoemission. The orientation of the polariza-
tion vector of both beams can be adjusted independently by
the use of zero-order waveplates. Finally, to be able to per-
form one-photon photoemission �1PPE� experiments, we use
the fourth harmonic of the laser output �h�=6.1 eV� gener-
ated by sequential frequency doubling in two BBO crystals.

The Co�001� surface was prepared by epitaxial growth of
a Co film onto a Cu�001� substrate. Prior to evaporation the
Cu�001� crystal was routinely cleaned by repeated argon ion
sputtering and annealing �500 V, 750K�. Evaporation of
2 nm to 10 nm thick Co films is performed in situ in a sepa-
rate chamber at a base pressure of 6�10−11 mbar. The film
thickness was measured with a quartz oscillator thickness
monitor which has been calibrated against atomic-force-
microscopy measurements. Co films were grown quasi-
epitaxially on the Cu�001� surface in a metastable
tetragonally-distorted fcc �face centered tetragonal �fct��
structure with in-plane uniaxial magnetic anisotropy.11 After
evaporation, the Co film was annealed at 440 K to produce a
defect-free smooth surface. Cu contamination of the Co sur-
face is ruled out for the prepared samples. Diffusion of Cu
atoms through pinholes is a well-known process found in
ultrathin Co films �few ML thick� annealed at temperatures
�450 K.12 At a film thickness of up to 55 ML and a maxi-
mum annealing temperature of 440 K this process is not rel-
evant for the present work. In addition, we have never ob-
served any indication of Cu in the Auger spectra. Prior
to the photoemission measurements the films were magne-
tized in an external field oriented along the in-plane easy
direction. Cs doping is done from a well-degassed Cs-getter
source �SAES�. All experiments were performed at room
temperature.

III. THEORETICAL METHOD

The calculations were performed using density functional
theory in the local density approximation �LDA� in the form
of Moruzzi et al.13 We use the full-potential linearized aug-
mented plane-wave method14,15 as implemented in the
FLEUR code.16 For the calculations a cutoff of RMT�Kmax
=2.25�3.8 was used and the two-dimensional Brillouin-
zone was sampled with 28 special k-points. We calculated a
13 layer fct Co�001� film with an in-plane lattice constant of
2.56 Å as would be found on a Cu�001� substrate. The inter-
layer distance, d=1.70 Å, was deduced from a total energy
minimization provided that the in-plane fct Co lattice con-
stant coincides with the fcc Cu�001� lattice parameter. The
position of the top three layers was allowed to relax in the
direction of the surface normal. As compared to the ideal
interlayer distance, the first interlayer spacing contracted by
4.8%, while the distance between the second and the third
layer expanded by 2.6%. The contraction of the third inter-
layer spacing was small �0.36%�.

IV. RESULTS AND DISCUSSION

A. Spin up 3d bulk state

1PPE and monochromatic 2PPE spectra using p-polarized
light and the measured spin polarizations of the pure Co film
are presented in Fig. 1. The electrons photoemitted from the
surface are spin-polarized as result of the spin-dependent
electron density of states of the itinerant ferromagnet cobalt.
Both 1PPE and 2PPE spectra are dominated by a peak lo-
cated at a binding energy of about 0.4 eV with respect to EF.
For the whole energy range, a prevailing majority-spin po-
larization is found exhibiting a maximum that coincides with
the peak in the photoemission spectra. In 1PPE, we find

FIG. 1. �a� 1PPE �h�=6.1 eV� and �b� 2PPE �h�=3.2 eV� spec-
tra and corresponding spin polarization of a Co�001� surface ob-
tained with p-polarized light.
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maximum values in the spin polarization of 35%. In case of
the 2PPE this value exceeds even 45%. This tendency of an
increased spin polarization in case of 2PPE in comparison to
1PPE is well understood and can be assigned to an enhanced
spin-filter effect in the 2PPE process, where electrons expe-
rience a spin-dependent electron scattering not only in the
final but also in the intermediate state.17 Note that close to EF

in both cases a clear drop in the photoemission yield and in
the spin polarization down to a value of about 10% is ob-
served.

For comparison with these experimental data, we display
in Figs. 2 and 3 the calculated surface band structure and
local �layer� density of states of Co�001� for the majority and
minority electrons.

The upper and lower panel of Fig. 3 shows the result for
a surface and central �bulk� layer, respectively, after the in-
tegration over a small fraction �1/9th� of the Brillouin zone

around the �̄ point in order to mimic the finite angular reso-
lution of our electron energy analyzer. For normal emission,
the detected electrons cover a momentum spread correspond-
ing to an upper limit of about 1/5th of the BZ. The LDOS-
data integrated over 1/9th of the BZ show indeed a high peak
in the spin up DOS for the central layer that coincides in
binding energy almost perfectly with the peak position found
in the 1PPE and 2PPE spectra. The calculations give a value
of 0.45 eV in comparison to 0.4 eV determined in the experi-
ment. Note that the peak for the central layer in the calcu-
lated DOS becomes much less pronounced when performing
the k integration over a much wider area of the BZ. A corre-
sponding feature is not present in case of an integrated spin-
down DOS which agrees with the experimental observation

of an increase in the majority spin polarization right at the
energy of the spectral peak.

In the spin-resolved photoemission study of Co�001� us-
ing an ultraviolet synchrotron radiation �h�=45 eV�, Clem-
ens et al.18,19 observed a spin up peak at a binding energy of
0.6 eV that was assigned to the emission from a 3d surface
state or resonance. The calculated DOS of a surface layer of
Co�001� as shown in the upper part of Fig. 3 does not sup-
port such an interpretation for the present case. In the rel-
evant energy region �0.4 eV binding energy� no surface lo-

FIG. 2. Surface electronic structure of the fct Co�001� surface as
obtained from the calculation of a relaxed 13 layer fct Co�001� film
with a Cu�001� in-plane constant. The left and right panels show
states with even and odd symmetry with respect to a mirror plane
that is parallel to the k-vector and perpendicular to the surface. Dark
and light gray symbols indicate the symmetry with respect to
z-reflection. Surface states, i.e., states that have more than 50%
weight in the surface layer, are marked by black circles. FIG. 3. Density of states for the surface �top� and central �bot-

tom panel� layer of a 13 layer fct Co�001� film. The calculation of
the layer density of states was performed by integrating over 1/9 of

the Brillouin zone in an area around the �̄ point.

FIG. 4. Monochromatic 2PPE spectra of a clean Co�001� sur-
face �solid line� and Co�001� surface at varying cesium coverage
�symbols� obtained with p-polarized light �h�=3.2 eV�. The dashed
arrow shows the energy position of the bulk state that is not moving
due to the adsorption of Cs. Inset: Angle-dependence of the image
resonance state.
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calized state can be identified. Furthermore, we observe in
our experiment that the energy and intensity of the peak are
rather insensitive to adsorption of cesium �see dashed arrow
in Fig. 4�. Due to the high polarizability of alkali atoms at a
surface, it is well known that the adsorption of cesium should
result in a clear change of the surface potential and, conse-
quently, the surface electronic structure. We therefore con-
clude that the dominant peak observed in 1PPE and 2PPE
close to EF is due to photoemission from the spin up 3d bulk
band ��5 bulk peak�. However, photoemission is an intrinsi-
cally surface sensitive technique. The DOS of a surface layer
must then have a significant impact on the photoemission
yield. This may explain the large broadening of the �5 bulk
peak in comparison with the peak in the calculated DOS for
the central layer. In addition, the width of the calculated peak

depends slightly on the integration interval over the �̄ point.
An integration over a wider area of the BZ results in a further
broadening of the peak. Next to this peak, our calculations
can qualitatively also reproduce the decrease in the photo-
emission yield and the spin polarization P toward EF which
is caused by the reduction of the 3d majority-spin density of
states in the strong ferromagnet Co due to the presence of the
Stoner gap. An important requirement for a correct interpre-
tation is, however, that the finite angular resolution of the
experiment is considered in the calculated DOS.

We have also performed further investigations of the Co
film, such as a tuning of the photon energy and angle-
resolved 2PPE measurements.20 These studies prove that the
Co 2PPE spectrum is dominated by the revealed bulk state
peak. We have not observed any additional contribution from
unoccupied states in the studied energy region.

B. Spin-selective excitation of the surface resonance

In order to access lower lying intermediate states in these
low-energy photoemission experiments we decreased the
work function of the Co surface by slight alkali-doping �dos-
age �0.2 ML�.21

Figure 4 shows 2PPE spectra recorded with p-polarized
light from the clean Co surface and the Cs-covered Co sur-
face at different Cs coverages up to a maximum of about
0.2 ML. The spectra are plotted as a function of the interme-
diate state energy. The downshift in the low energy onset of
the 2PPE spectrum is due to the successive decrease in the
work function induced by the Cs adatoms. For the maximum
Cs coverage the work function has been lowered to a value
of 3.5 eV extending the accessible spectral regime by about
1.7 eV in comparison to the clean Co surface. In this energy
regime the 2PPE spectra show a pronounced rise in the pho-
toemission yield towards small intermediate state energies.
This rise is attributed to the high lifetime of electronic exci-
tations at these energies which enhance the probability for
2PPE in comparison to the high energetic states.7 Addition-
ally, the refilling of these states by secondary electrons �cas-
cade electrons and Auger electrons� results in a stronger im-
pact on the 2PPE yield the closer the intermediate state is
located to EF.22

Another spectral modification due to the alkali adsorption
is noticeable at the high energy part of the spectra. The 2PPE
intensity at the �5 bulk peak becomes seemingly larger and
finally, for the highest Cs coverages, a new peak �A� appears
just below the �5 bulk peak.

In order to study the origin of these spectral changes we
examined the dependence of the energy of peak A on the
variable photon energy h� of the used laser light.20 In the
kinetic energy distribution we observe an energy shift of the
peak indicative for an intermediate �excited� state.23 Angle-
resolved spectra shown in the inset of Fig. 4 demonstrate
furthermore a significant energy dispersion of the peak as a
function of the detection angle �k��. For a large number of
different alkali adsorption systems an unoccupied state has
been identified in this energy regime which is in general
assigned to an atomic orbital of the adsorbed alkali species.
However, for low coverages, repulsive dipole-dipole interac-
tion between neighboring alkali atoms hinders wave-function
overlap so that this state is rather localized and therefore
characterized by a missing energy dispersion.24 On the other
hand, image potential states are delocalized states in the sur-
face plane and therefore exhibit a significant upwards disper-
sion in energy �see inset of Fig. 4�. These states are linked to
the vacuum energy and can be found at binding energies of
several hundred meV. For typical workfunctions between
4 eV and 5.5 eV in case of a clean surface, these states can-
not be addressed in 2PPE using laser light at h�=3.1 eV.
However, the reduction of the workfunction by the alkali
dosage results in a corresponding downward shift of the im-
age state energy so that at some point they also become
accessible with the photon energies used for the present
study.

We therefore assign this peak to the n=1 image state of
the Co�001� surface. However, due to the downward shift,
we expect the nature of this state to be significantly modified.
The energy of the image state determined from the spectra in
Fig. 4 is in resonance with the sp states of the conduction
band of the Co�001� surface �see band structure in Fig. 5�,
whereas for the pure Co�001� surface it is located within a

FIG. 5. Band structure of the fct Co along the �X�001� direction.
The arrows show allowed excitations from �5 �solid arrows� and �1

�dashed arrows� bands, according to Wallauer and Fauster, and
Thomann et al. �Refs. 4 and 27�.
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bulk band gap. The coupling to the bulk band results in an
efficient peak broadening of the image state, which is likely
to be further enhanced by the interaction with the adsorbed
cesium. Consequently, it has to be regarded as an image state
resonance rather than an image state.23

In Fig. 6, 2PPE spectra from a Cs-doped Co surface and
the corresponding spin polarization of the photoemitted elec-
trons recorded with s- and p-polarized light are compared.
The two spectra differ mainly in the missing image state
resonance for excitation with the s-polarized light. This se-
lectivity on light polarization in the 2PPE process can be
traced back to dipole selection rules for the involved transi-
tions. In a normal emission, the final state of the PE process
has to be totally symmetric with respect to all symmetry
operations along the surface normal.25,26 In accord with �1

symmetry of the image potential state located inside of the
band gap, we identify the image resonance with �1

symmetry.4 Therefore, a probing of the image resonance is
only possible using p-polarized light. In this case, a compo-
nent of the electric field vector normal to the surface is avail-
able which does not occur in the case of s-polarized light.
Correspondingly, the 2PPE with s-polarized light involves
exclusively bulk states, but no surface state. The variation of
the light polarization from s to p therefore enables us to
separate the surface contribution from the bulk photoemis-
sion spectrum of Co�001� as shown in Fig. 6�a�.

The involvement of the image resonance in the 2PPE pro-
cess performed with p-polarized light also affects the mea-
sured spin polarization. In comparison to an excitation with
s-polarized light, a polarization drop of about 10% is found
for p-polarized light in coincidence with the energy of the
image resonance. This reduction in spin polarization is a con-
sequence of the selection rules for the first optical transitions,
i.e., the initial pump step of the 2PPE governing the

population of the image resonance must be responsible for
the decrease of spin polarization. Based on considerations by
Wallauer and Fauster �Ref. 4� regarding a similar system, we
discuss the relevant mechanisms to clarify our observation.
As shown in Fig. 5 for p-polarized light, dipole selection
rules enable only bands of �1 �sp-like� and �5 �d-like� sym-
metry to participate in the excitation of the surface resonance
state ��1 symmetry�.4,25,26 An optical excitation from occu-
pied states of the same �sp-like� character is preferential.
Hence, a population of the surface resonance from the states
with �1 symmetry is favoured in comparison to the excita-
tion from d-like bands of �5 symmetry.

In addition, an optical coupling between initial and inter-
mediate states also depends on the wave vector of the bands,
which participate in excitations. Due to the same periodicity
of the wave functions of the surface resonance and bulk
bands at the X point, there is a larger probability of excitation
from the bands at high wave vectors than close to the �
point.4,27 However, in the relevant excitation region the wave
vector and wave function of the �1 band are very similar for
both spin up and spin down direction �excitations from these
�1 bands are indicated by the dashed arrows in Fig. 5�. We
conclude that also the matrix elements for the optical transi-
tions from spin up and spin down states to the surface reso-
nance are very similar. Hence, nearly the same excitation
intensities from spin up and spin down �1 bands will result
in a low spin polarization in the electron population in the
surface resonance.

Considering unfavoured excitation from d-like bands of
�5 symmetry as compared to sp-like bands of �1 symmetry
when using p-polarized light �see above�, the spin polariza-
tion of the surface resonance must be small. We even find
that the image resonance-intrinsic spin polarization ap-
proaches a value close to zero. The residual spin polarization
measured at this energy is due to the bulk electron contribu-
tion to the 2PPE spectrum, which is of the same order as the
image resonance contribution �see s-polarized 2PPE spec-
trum and spin polarization in Fig. 6�.

A controlled variation of the Cs-doping level of the Co
surface enabled us to study the image resonance at different
intermediate state energies between 2.3 eV and 2.8 eV above
EF.20 In the entire energy range probed we found a similar
intensity contribution of the image resonance to the 2PPE
yield. Independent of the energy, we observed the �preferen-
tially� same unpolarized pumping of the surface resonance
with p-polarized light. Investigations at lower intermediate
state energies of the image resonance �higher Cs coverage�
were not possible, as the strong contribution of 1PPE at the
corresponding low work function completely distorted the
2PPE part of the spectrum.

Let us now approach the case of the image resonance
population induced by s-polarized light. The lack of a com-
ponent of the electric field vector normal to the surface in
this case enables excitation of the image resonance from the
3d bands of �5 symmetry only.25,26 Those 3d bands are re-
sponsible for the ferromagnetism in Co, and their DOS
strongly depends on the electron spin direction. d bands can
yield high spin polarization of the photoemitted electrons up

FIG. 6. Monochromatic 2PPE a� spectra and corresponding b�
spin polarization of a Cs-covered Co�001� surface obtained with p-
and s-polarized light �h�=3.2 eV�.
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to about 35% in 1PPE and 45% in 2PPE experiments �see
Fig. 1�.17 Furthermore, in the relevant excitation region, the
2PPE initial state of the spin-down �minority� �5 band is
located rather close to the � point. Taking into account our
above discussion, the excitation from this spin down band is
quite unfavorable when compared it to the excitation from
the spin up �majority� �5 band. Consequently, in contrast to
p-polarized light, s-polarized light should yield a rather high
spin polarization in the population of the image resonance.
We also have to consider the selection rules regarding the
second photoemission step out of the image resonance into
the final state. As mentioned above, a probing of the image
resonance and the corresponding spin polarization is only
possible by p-polarized light.

For the present study a pump-probe scheme that enables
such measurements has been realized by the use of a bichro-
matic 2PPE measurement setup in which the frequency-
doubled-laser pulse �UV� populates the image resonance,
and the fundamental laser pulse �IR� probes this population
by excitation above the vacuum level. The light polarization
of both pulses, pump and probe, can independently be tuned
between p- and s-polarization. In Fig. 7, UV-IR 2PPE spectra
and the corresponding spin polarizations for different light
polarization settings of pump and probe pulses are presented.

The spectrum shown in Fig. 7�a� has been recorded at
s-polarization of the IR �probe� pulse. Only coupling to bulk
states in the final excitation process is possible therefore no
image resonance contribution appears in the 2PPE spectrum.
Again, the measured spin polarization is governed only by
the bulk band structure exhibiting a clear increment around
the �5 bulk state, as shown before �see Fig. 1�.

For the spectra in Fig. 7�b� both UV �pump� and IR
�probe� pulses are set to p-polarization. Consequently �and in
coincidence with Fig. 6�, a strong image resonance contribu-
tion is observed. Similar to the monochromatic p-polarized
UV-UV 2PPE results �see Fig. 6�, also the spin polarization
at the image resonance energy is quenched.

Finally, in Fig. 7�c�, the UV �pump� pulse is set to
s-polarization, and the IR �probe� pulse is set to
p-polarization. Similar to Fig. 7�b�, a large 2PPE yield from
the image resonance is present in the spectrum, this time,
however, its population has been induced by s-polarized
light. Therefore, and in contrast to Fig. 7�b�, the spin polar-
ization at the surface resonance energy does not decrease at
all, but instead behaves very similar to the bulk spin polar-
ization in Fig. 7�a�. This observation, together with the data
in Fig. 7�b� support the view that the bulk – image resonance
transitions govern the spin polarization of the image reso-
nance population. The polarization of the exciting light can
obviously be used to select specific transitions and conse-
quently manipulate the degree of spin polarization of the
image resonance. We would like to add that in these experi-
ments we have never obtained a spin polarization from the
image resonance state higher than the bulk Co polarization
values �Fig. 7�a��, as expected.4,27,28 To clarify this issue, let
us compare the image resonance with the corresponding im-
age state of the noncesiated surface. A distinct image poten-
tial state located in front of the surface is “quasi” decoupled
from the metal state. This state attenuates fast in the bulk
band gap of the metal with the similar periodicity of the
wave function as the bulk states at the X point. The Cs in-
duced downward shift induces a stronger coupling of the
image state to the bulk bands and consequently a longer
decay of its wave function into the bulk, as it approaches the
border of the band gap. Finally, in our case the work function
is strongly decreased so that the wave function of the image
state can effectively overlap with the bulk bands. The peri-
odicity of such a surface resonance wave function can differ
from the original image state wave function. As a result, the
probability of the optical excitation from the spin down �5
band, which is supposed to be small for the image state,
probably cannot be neglected any more in the case of the
surface resonance.

V. SUMMARY

In summary, we have shown that under consideration of
corresponding band structure calculations the measured spin
polarization and spectral distribution of the 2PPE from a
Co�001� surface enable an efficient identification of the rel-
evant electronic states and optical selection rules governing
the photoemission process.

Correct interpretation may, however, require careful ad-
justment of the calculated electron DOS to the experimental
border conditions such as a finite angle resolution as it is
shown in the photoemission from spin up �5 bulk states.

Furthermore, we find that the optical selection rules in
combination with the adjustable polarization state of the la-
ser light used for our experiments can be utilized to control
the spin polarization of the intermediate electron state ad-

FIG. 7. Bichromatic 2PPE spectra �open circles� and corre-
sponding spin polarization �closed diamonds� of a Cs-covered
Co�001� surface obtained with differently polarized UV �pump� and
IR �probe� laser pulses at a time delay of 0 fs.
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dressed in 2PPE. By this means, we are able to switch the
degree of spin polarization of the excited state population of
the Co�001� image state from almost unpolarized to �40%.
Particularly the control of the spin polarization of such sur-
face �or interface� located states may be utilized to optimize
the spin injection efficiencies in ferromagnet-semiconductor
spintronics devices.
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