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The magnetic circular dichroism in threshold photoemission (TPMCD) for perpendicularly magnetized fcc Co
films on Pt(111) has been revisited. A complete mapping of the spectral function I (EB,kx,ky) (binding energy EB ,
momentum parallel to surface kx , ky) and the corresponding TPMCD asymmetry distribution AMCD (EB,kx,ky)
has been performed for one-photon and two-photon photoemission using time-of-flight momentum microscopy.
The experimental results allow distinguishing direct from indirect transitions. The measurements reveal clear
band features of direct transitions from bulk bands that show a nontrivial asymmetry pattern. A significant
homogeneous background with substantial asymmetry stemming from indirect transitions superposes direct
transitions. Two-photon photoemission reveals enhanced emission intensity via an image potential state, acting
as intermediate state. The image potential state enhances not only intensity but also asymmetry. The present results
demonstrate that two-photon photoemission is a powerful method for mapping the spin-polarized unoccupied
band structures and points out pathways for applying TPMCD as a contrast mechanism for various classes of
magnetic materials.
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I. INTRODUCTION

Advanced spin engineering toward next generation mag-
netic storage and computing devices has become a vivid re-
search field because of the discovery of novel spin phenomena,
such as the spin Hall effect [1] and the spin-orbit torque [2].
These spin phenomena are based on the spin-orbit interaction,
which can be efficiently investigated by optical excitation [3].
Optical excitation in combination with spin-orbit interaction
has been proposed to actively tailor the electron spin, thus
leading to the realization of logic operation devices based on
fast spin control [4–9]. Finally, for the optical manipulation of
the magnetization, the spin-orbit interaction in the unoccupied
state is as important as that in the occupied state [10].

A second important task is to explore the physical limits of
size and switching times of nanoscopic spin devices, for which
one has to develop experimental methods that simultaneously
offer high time and spatial resolution. Optical probe pulses
can reach the shortest time scales of magnetization dynamics
in the femtosecond range. The photoemission signal provides
a straightforward combination with spatial resolution. For
this purpose, photoemission electron microscopy represents
an efficient parallel imaging method providing high spatial
resolution superior to optical microscopy [11,12].

Changing the helicity σ of the exciting radiation leads to
an asymmetry in the photoelectron yield [13]. X-ray magnetic
circular dichroism (XMCD) is one of the most powerful effects
to obtain magnetic contrast in photoemission microscopy
experiments, as it offers more than 30% asymmetry by
exciting spin-orbit split core levels [14–16]. However, the
time resolution is limited by the shortest time width of the
electron bunches to several picoseconds. Shorter probe pulses
for pump-probe experiments are obtained by high-harmonic
generators [17] or by femtoslicing methods [18] with, however,
limited intensity.

An alternative approach represents threshold photoemis-
sion magnetic circular dichroism (TPMCD) for one-photon
(1PPE) [19] and two-photon (2PPE) photoemission [20],
where electrons are emitted by circularly polarized visible
or UV light from ultrafast laser sources with high intensity.
TPMCD asymmetries of more than 10% were revealed by
using ultraviolet and visible laser light in photoemission from
a Ni film on Cu(001) [19,21,22] and for a Co film on Pt(111)
[20,23–25].

Although magnetic circular dichroism (MCD) in the
x-ray and in the threshold regime is basically caused by
the same physical effect, i.e., an interplay of spin-orbit
split initial states and exchange split final states, TPMCD
is much less understood than XMCD. This is due to the
numerous contributing transitions in the case of TPMCD
starting from the comparatively small spin-orbit split ini-
tial valence bands. In order to apply the TPMCD con-
trast mechanism for magnetic microscopy and predict the
asymmetry values, an in-depth understanding of the origin
of the asymmetry is necessary. Previous experimental ap-
proaches considered only the total electron yield as observable
property.

Here, we investigate the energy and momentum dependence
of the TPMCD for the test case of face-centered cubic
Co. The comprehensive study of momentum and energy
dependence of emitted electrons allows extracting detailed
information on the contributing electronic transitions. The
valence bands few electron volts below the Fermi level,
including spin-orbit coupling and spin-polarization effects, are
probed. The experimental results reveal significant asymmetry
contributions from direct transitions and photoemission via an
image potential state (IPS). The possibility to tune the energetic
position of the IPS might provide a pathway to increase the
magnetic contrast for various materials taking into account
their particular band structure.
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FIG. 1. (a) Geometry of the momentum microscopy measurement
yielding the magnetic circular dichroism texture of the full half space.
(b) 3D spectral function I (Ekin,kx,ky) is limited by the paraboloidic
photoemission horizon and by the Fermi level. Adapted from
Ref. [26].

II. EXPERIMENTAL

The Pt(111) substrate crystal was prepared in UHV accord-
ing to the usual standards. Sample transfer between preparation
chamber and microscope was performed in UHV. The Co films
were deposited using electron beam evaporation. Co films
of thickness 4.5 monolayers showed perpendicular magnetic
anisotropy in agreement with Ref. [23].

Prior to the transfer into the photoemission chamber the
samples were magnetically saturated parallel or antiparallel
to the surface normal by a small permanent magnet. For
photoelectron excitation we used a Ti:sapphire laser (Spec-
traPhysics, Type MaiTai) generating pulses of 100-fs duration
at a repetition rate of 80 MHz with an average power of 1 W.
The laser wavelength is tunable in the range of 750 to 850 nm.
Utilizing a frequency doubling BBO crystal wavelengths in the
range of 375 to 425 nm can be used. The circular polarization
is set by a linear polarizer, followed by a rotatable quarter
wave plate. Figure 1 shows the geometry of the experiment.
The angle of incidence is 68◦, the plane of incidence is the
x-z plane. The k-microscope detects all emitted electrons up
to the photoemission horizon (i.e., emission parallel to the
sample surface). In the kx,ky versus Ekin plot the data array
fills a paraboloid [Fig. 1(b)].

The photoemission intensity is recorded using time-of-
flight momentum microscopy. This technique enables a com-
plete mapping of the 3D spectral function I (EB,kx,ky), where
EB is the binding energy, and kx and ky are the components
of the momentum parallel to the surface and asymmetry
AMCD(EB,kx,ky). The time-of-flight momentum microscope
is optimized for imaging of the reciprocal space and it benefits
from the maximum parallelization of data acquisition [26].
The distribution of the transversal momentum components
is imaged in the back focal plane of the cathode lens. A
low-energy drift section serves as energy-dispersive element.
For each electron the time of flight is recorded by a time-
resolving image detector [27], exploiting the time structure of
the femtosecond laser. The time of flight τ is converted into
kinetic energy and calibrated at the Fermi edge to obtain the
binding energy (for details, see Ref. [12]).

In order to separate the MCD from the nonmagnetic
circular dichroism in the angular distribution (CDAD) [28],
we acquired four 3D data arrays and calculated the magnetic

FIG. 2. k-microscopy on clean fcc Co(4.5 ML)/Pt(111) for 2PPE
at 2hν = 6.2 eV. The in-plane component of the photon helicity
vector Sγ is denoted by arrows in (a, b). Intensity (a) and MCD
asymmetry (b) kx-ky sections for EB = 0.2 eV. Intensity (c) and MCD
asymmetry (d) ky-E sections for kx = 0. Corresponding intensity and
MCD asymmetry profiles close to the � point (e) and averaged over
the whole paraboloid (f). The gray scale in (c) and the red-gray-blue
scale in (d) quantify intensity and MCD asymmetry. ÃMCD has been
determined using Eq. (1).

asymmetry contribution ÃMCD according to

ÃMCD =
√

I σ+
M↑I σ−

M↓ −
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M↑√
I σ+
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M↓ +
√
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M↓I σ−

M↑
. (1)

III. RESULTS

A. Clean Co/Pt(111)

Figure 2 shows the result of a 2PPE measurement for a
Co film of 4.5 monolayers. The photon energy was set to
hν = 3.1 eV. kx-ky sections (i.e., the E = constant momentum
discs) of intensity and dichroism asymmetry at EB = 0.2 eV
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are shown in Figs. 2(a) and 2(b). Results of the E-ky section
[Figs. 2(c) and 2(d)] reveal the dependence on the binding
energy EB . Figures 2(e) and 2(f) show corresponding intensity

and asymmetry profiles in the region within 0.1 Å
−1

near �

and averaged over all emission angles. Photoemission starts
at EB = 1.4 eV reflecting a work function of � = 4.8 eV
assuming a 2PPE process with 2hν = 6.2 eV. Figures 2(a)–2(d)
show a band feature (A) with threefold rotation symmetry close
to the Fermi level on a relatively homogeneous background.
The feature appears at energies of 0 < EB < 0.5 eV and a k||
value of about 0.5 Å

−1
. The symmetry reflects the threefold

symmetry of the �-L direction. The direction of photon
incidence [denoted by the helicity vector Sγ in Fig. 2(a)] breaks
the threefold symmetry. Band A shows a nonuniform, bipolar
MCD asymmetry. The center and integral asymmetry curves
in Figs. 2(e) and 2(f) both show a small asymmetry at the
Fermi level of only 1%, which increases to a maximum of
3.5% for EB = 0.5 eV, followed by a slight drop until 3% at
EB = 1.2 eV. However, as can be seen in Fig. 2(b), there is a
nontrivial asymmetry pattern in the regions of high intensity
close to EF : The ring-type region of positive asymmetry
changes into a weak negative asymmetry at the three positions
of maximum intensity [see color bar in Fig. 2(d)]. This results
in a top-to-bottom sign change of these regions in the kx = 0
section [Fig. 2(d)] and shows up as a drop of the asymmetry
curves towards EF in Figs. 2(e) and 2(f). Close to the bottom
of the paraboloid, ÃMCD may show artifacts due to the large
intensity gradient. Therefore, the asymmetry curves in Fig. 2
end at EB = 1.3 eV.

B. Cs/Co/Pt(111) at hν = 3.3 eV

In near-threshold photoemission experiments, the acces-
sible momentum and energy range can be increased by
evaporating cesium onto the sample surface decreasing the
work function. We deposited cesium at very low deposition
rates and controlled the work function during data acquisition.
Prior to the asymmetry measurements the cesium deposition
has been stopped and sufficient idle time ensures a constant
work function during acquisition. The photon energy was
increased to hν = 3.3 eV to maximize the accessible binding
energy range. The CDAD becomes negligibly small for Cs
covered surfaces. Accordingly, MCD results are obtained from
data acquired for opposite circularly polarized light.

The results are shown in Fig. 3. The spectral width of 2.5 eV
indicates a work function of � = 4.1 eV. Figures 3(c) and
3(d) reveal a parabolic band B starting at a binding energy of
0.9 eV on a homogeneous background. The parabolic band
B represents an IPS acting as an intermediate state that is
inherently connected to two-photon photoemission. It does
not appear in the case of clean Co because in that case the
photon energy is not large enough to reach this state. The
MCD asymmetry shown in Figs. 3(e) and 3(f) shows a maximal
value of 7% at the Fermi level and decreases to 5% at EB =
0.5 eV. The IPS B shows up as a strongly intensified region
with the same asymmetry as the background. The previously
discussed band feature A close to the Fermi level is superposed
by the IPS B (dashed circle) appearing after cesiation. It is
eye-catching that for the clean surface the MCD asymmetry

FIG. 3. k-microscopy on cesiated fcc Co(4.5 ML)/Pt(111)
(� = 4.1 eV) for 2PPE at 2hν = 6.6 eV. Intensity (a) and MCD
asymmetry (b) kx-ky sections for EB = 0.2 eV. Intensity (c) and MCD
asymmetry (d) ky-E sections for kx = 0. Dashed curves serve to guide
the eye. Corresponding intensity and MCD asymmetry curves close
to the � point (e) and averaged over the whole paraboloid (f). Color
scales, see Fig. 2.

shows a pronounced decrease with decreasing binding energy
within a few 100 meV below EF [Figs. 2(e) and 2(f)], whereas
in the cesiated case, AMCD increases in the same binding
energy range [Figs. 3(e) and 3(f)].

C. Cs/Co/Pt(111) at hν = 1.65 eV

Increased Cs coverage decreases the work function below
2 eV allowing 2PPE with hν = 1.65 eV. For this case high
MCD asymmetries of more than 15% have previously been
observed [25]. Figure 4 shows the experimental results for two
different work function values. The second measurement has
been performed for opposite magnetization direction revealing
the reversed asymmetry. The work functions are � = 2.3 eV
and � = 2.0 eV. For the lower work function an additional
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FIG. 4. k-microscopy on cesiated fcc Co(4.5 ML)/Pt(111) for
2PPE at 2hν = 3.3 eV and for � = 2.3 eV (a–d) and 2.0 eV (e–h).
Intensity (a, e) and MCD asymmetry (b, f) ky-E sections for kx =
0. Corresponding intensity and MCD asymmetry curves close to the
� point (c, g) and averaged over the whole paraboloid (d, h). AMCD

has been determined using Eq. (1); color scales, see (b).

intensity maximum appears at the bottom of the paraboloid
[Figs. 4(e) and 4(f)].

Both spectra are dominated by the IPS C that exhibits a
pronounced intensity maximum at EB = 0.55 eV in Fig. 4(a)
and 0.65 eV in Fig. 4(e). The asymmetry curves both show
the same qualitative behavior with different sign for mz and
−mz. An additional offset is due to the steadily increasing
work function after cesiation caused by the loss of Cs and
adsorption of residual gas. Again as for measurements at hν =
3.1 eV and 3.3 eV (Figs. 2 and 3), the spectra taken at a region
close to �, and the integral intensity and asymmetries show a
similar course. In the case of � = 2.0 eV [Figs. 4(e)–4(h)],
the maximal asymmetry amounts to 9% at the Fermi level and
decreases to about 7% at EB = 0.5 eV and below. In the case
of � = 2.3 eV the maximal asymmetry is −17% and decreases
gradually to about −14% at the bottom of the paraboloid
related to an intensity maximum at EB = 1.15 eV (Feature D).

IV. DISCUSSION

The intermediate in the ground-state unoccupied level
in two-photon photoemission plays an important role. A
prominent feature that one expects to occur for 2PPE is the
IPS. Since image potential states are referenced to the vacuum
level, changes of the work function also tune the available
initial states for IPS-mediated 2PPE processes [29–31].

The energy diagram is sketched in Fig. 5. The bottom of
the unoccupied band IPS appears in the photoelectron spectra
at �EIS. E1 and �EIS are related by the photon energy hν and
the work function � as follows:

�EIPS = EF + 2hν − EVac + E1 − hν, (2)

⇔ E1 = �EIPS + � − hν. (3)

FIG. 5. Energy scheme of a resonant 2PPE transition through an
IPS. The bottom of the parabolic band state IS (n = 1) is energetically
separated from the vacuum level EVac by E1. The bottom of the IPS
appears in the photoelectron spectra at �EIS below the Fermi level
EF . E1 and �EIS are related by the photon energy hν and the work
function � (see text).
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FIG. 6. Calculated band structure of fcc Co taken from
Refs. [24,25]. Bands are numbered starting from the lowest energy.
Dashed arrows indicate direct transitions into final bulk states. The
vertical dashed line denotes the kz value of 1

3 �L.

The IPS observed in our experiment can be distinguished from
an occupied surface state by a variation of hν or �. The
IPS shows a parabolic free electron dispersion with parallel
momentum because the electrons travel above the surface in a
region of negligible lateral potential variations.

For the initial states we consider bulk bands (see
Refs. [24,25]), because the MCD asymmetry increases with
film thickness [23], indicating rather a bulk behavior of the
MCD than a surface induced effect.

Figure 6 shows a band structure calculation for fcc Co
(by setting the lattice constant to its bulk value of a =
0.35457 nm), which is applicable to the investigated thin-film
sample with 4.5-ml thickness. The fcc(111) surface normal
points along �-L.

The MCD asymmetry of a certain photo excitation channel
is supposed to be highly dependent on the presence of a
stationary intermediate state in the first excitation step (for
2PPE processes) or a final state (for 1PPE processes) [25].
In the conventional model of photoemission, the electronic
transitions obey the condition that k|| stays constant. Such
transitions are referred to as “direct transitions” [32]. Ex-
citations into evanescent states, which are strongly damped
final surface states, cannot explain the bulk sensitivity of the
MCD effect which has been reported in Ref. [23]. In threshold
photoemission there is only little excess energy that can go
into parallel momentum. The refraction of the photoelectron
wave at the surface barrier is described by

k|| = sin 	out

√
2m

h̄2 Ekin = sin 	in

√
2m

h̄2 (Ekin + V0), (4)

where m is the mass of the electron, h̄ is the reduced Planck
constant, and V0 is the inner potential (for the present case of
Co we have V0 = 15 eV). The emission angle 	 increases
upon transmission through the surface [32]. Hence, although
above the surface there is emission into the full half space,
the internal emission angle 	in is strongly reduced. For the

range of kinetic energies of 1 to 3 eV we find for the electrons
close to the Fermi level maximum internal emission angles of
	in = 14.5◦ to 24.1◦. Equation (4) thus translates the full half
space on the vacuum side into a quite narrow internal solid
angle interval (termed “escape cone”) [32]. Consequently,
photoemitted electrons are expected to originate from direct
transitions close to the �-L direction.

However, the direct transition model cannot describe near-
threshold photoemission for the following reason: The zero of
kinetic energy and hence the bottom of the free-electron-like
parabolic final state band is given by the inner potential V0.
Since photon momentum can be neglected in near-threshold
photoemission, we obtain for the perpendicular momentum
component:

k⊥ =
√

2m

h̄2 (nhν − � + V0), (5)

where n is the number of photons hν involved in the transition
and � is the work function. The final state momentum is thus
related to a certain k coordinate in the Brillouin zone. The
relevant reciprocal lattice vector along the fcc(111) direction

(perpendicular to the surface) is G111 = 1.53 Å
−1

. For an excess
energy between 1 and 3 eV we obtain k⊥ values between 1.33
G111 and 1.41 G111. It means that momentum conservation can
only be fulfilled if a reciprocal lattice vector G111 is involved.
The essential point is that there is no branch of this parabola
that fits to a direct transition, i.e., energy and momentum
conservation cannot be fulfilled simultaneously.

Since the common model of photoemission cannot ex-
plain near-threshold photoemission, Refs. [24,25] proposed
a different mechanism. Spin-selective interband-excitations
along many other crystallographic directions may contribute
to photoemission intensity via nondirect transitions involving
electron scattering events. Possible direct transitions (for
2hν = 6.6 eV) are shown as dashed blue arrows in Fig. 6.
They appear in high-symmetry directions �-K, L-W, and �-X,
but also in a multitude of arbitrary directions. The hypothesis
is that the electrons in these spin-polarized states are scattered
such that they can escape from the surface. This is mediated by
the broken translational symmetry at the surface which may
lift k-conservation. Electronic states with parallel momentum
along �-X, in particular, allow for a resonant transition with
high dichroism and spin asymmetry.

Whereas in photocurrent measurements the total electron
yield and consequently an averaged asymmetry is measured,
the present experiment resolves the final-state energy. Thus,
we selectively detect the contributions of the different binding
energies. Increasing photon energy adds more photoelectrons
to the total yield, which contribute to the total asymmetry.
Our experiment shows that states at larger binding energies
with small density of states and photoemission intensity,
respectively, can cause a large MCD signal, e.g., as in Fig. 4(g).
The data shows that most of the intensity originates from
the IPS C and the bottom of the parabola D, whereas the
asymmetry is equally high in the regions of low intensity
between C and D. The asymmetry spectra of Figs. 2(d)
and 2(f) reveal that the asymmetry is slightly decreasing with
increasing binding energy, starting at EB = 0.5 eV. This
is in good agreement with Ref. [25], since at lower photon
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FIG. 7. Projection of a section of � to 1
3 �L of the fcc Co minority

Fermi surface. This representation contains the symmetry points L,
K, X. The turquoise feature originates from band 11 and shows a
threefold symmetry. From [33].

energies, electrons with larger binding energies get excluded
from the integral photoemission yield. Two more features can
be observed in Fig. 2: First, there is a high intensity close
to the Fermi level, which shows a threefold symmetry in the
kx-ky section and creates a bipolar MCD asymmetry pattern.
This feature indicates a band that is located in the �-X or �-K
direction. Assuming the accessible photoemission horizon, the
corresponding band can be identified as the minority band 11
(cf. Fig. 6). The corresponding transitions are shown as thin
dashed blue arrows. Since there is no stationary intermediate
state included, based on existing theory, there is no indication
for a contribution to the MCD asymmetry. However, in the
asymmetry spectra there is a change in the sign of the MCD
asymmetry inside this threefold feature. Subsequently, the
integral asymmetry curve exhibits a pronounced drop at the
corresponding binding energies EB .

In the surface projection of the volume band structure
calculation (Fig. 6), the k values that correspond to feature

A convert into k|| = 0.53 Å
−1

in case of the �-X direction

and k|| = 0.54 Å
−1

in case of the �-K direction. Figure 7
illustrates a cut through the fcc Co minority Fermi surface at
kz = 1

3�L that resembles the excitation with 2hν = 6.2 eV. The
location of the turquoise feature in Fig. 7 corresponds to the
minority band 11 in Fig. 6. Its threefold symmetry agrees with
the experimentally observed feature A in Fig. 2 and confirms
the fcc structure.

Second, we see a homogeneous background, which indi-
cates contributing transitions along a manifold of directions.
Since the direct escape from the surface is forbidden except
for a cone around �-L, there must be electron-phonon or
electron-magnon scattering processes involved. The scattering
process causes a loss of the information on the k value of the
electron in its initial state. Additionally, it has been shown
recently [34] that for highly correlated materials such as
d-band ferromagnets like Co, the assumption of distinct sharp
bands is not strictly valid. Instead, electron-electron correlation
results in a smearing of the bands in the region of 0 < EB

< 5 eV. This is different to metals without strongly correlated
electrons, which show much sharper bands close to the Fermi

level; a prototype example is tungsten [35]. However, the
influence of transitions along crystallographic directions other
than �-L is also evident from the high MCD of the background
signal.

As seen in the comparison of Figs. 2 and 3, the deposition
of cesium onto the surface does not only lower the work
function of the surface, but it also considerably changes the
photoemission pattern. The IPS is dominating the spectral
distribution in Fig. 3. Variation of photon energy and/or work
function influences the energetic position of band B, which
confirms that it originates from a resonant transition trough an
IPS.

The present energy and k-resolved results clearly show that
the IPS determines the main part of the emitted intensity.
The IPS enables direct transitions along the �-L direction, at
least for the first excitation step. The observed photoemission
intensity is a convolution of the parabolic IPS with the initial
state. Near kz = 1

3�L a flat band (square in Fig. 6) occurs
with a correspondingly high density of states. This leads to the
enhanced intensity near � and at EB = 0.65 eV in Fig. 4 for
2hν = 3.3 eV. The same flat band might also be responsible
for the enhanced intensity at EB = 1 eV in Fig. 3 for 2hν =
6.6 eV. The high intensity in Fig. 3 at EB = 2.3 eV could be
caused by the lower-lying band near kz = 1

3�L (see Fig. 6). Our
earlier work [25] could not detect any k- or EB-dependence,
hence the presence of the emission channel via the IPS was
not recognized.

Since the additional photoemission intensity caused by
the IPS reveals an almost similar MCD asymmetry as the
background intensity it does not show up as a pronounced
feature in the asymmetry spectra and can thus be easily
overlooked in k-integrated measurements. As shown in Fig. 8,
the IPS selects particular bands for the photoemission process.
The work function � as well as the photon energy directly
tune the accessibility of the corresponding initial states. If
the IPS “hits” a region of EB that possesses a high density
of states, there is an enhanced intensity in the photoemission
spectra. Since initial states have a certain spin polarization and
a majority or minority character, respectively, it is possible to
directly impact the integrally measured MCD asymmetry.

FIG. 8. The IPS selects particular initial bands for the photoe-
mission process. The energetic position of the band EB1,2 is defined
by the work function �1,2 (as shown in a and b) and the photon
energy hν.
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Please note that there is a source of error in the overall
measured intensities that may result in an offset of the
calculated MCD asymmetries. These changes of intensity
may partly be caused by artifacts: The change of the helicity
can slightly affect the intensity of the incident light and a
change of the analyzed region of interest on the sample
after magnetization and sample transfer might change the
photoemission yield. The strongest contribution is caused by
the cesiation procedure itself. Cesium coverage of metals was
shown to be a nontrivial measure as it for instance changes
with time [36].

V. CONCLUSION

We investigated the spectroscopic signatures in perpen-
dicularly magnetized ultrathin Co/Pt(111) films. A general
understanding of MCD originating from a combination of
exchange splitting and spin-orbit coupling has been given
in Ref. [37]. However, there is only little knowledge on
the microscopic and material-specific origin of this effect.
Previous investigations focused on measurements of the total
photoemission yield [24,25].

These results suggested a predominant contribution from
indirect photoemission transitions involving inelastic electron
scattering events. In the particular case of Co(111) there are no
direct transitions possible in the vicinity of the photoemission
threshold because energy and momentum conservation cannot
be fulfilled simultaneously. The fact that the free-electron-like
final state band has no branch close to the vacuum level
and at low parallel momentum is typical for many materials.
Along this argumentation, Hild et al. [24,25] proposed a
mechanism for 2PPE where the circular dichroism of the total
photoelectron yield is governed by direct transitions along
directions other than the perpendicular emission direction �-L.

We performed a comprehensive measurement of the full
spectral distribution I (EB , kx , ky) of photoelectrons along
with the MCD asymmetry distribution AMCD (EB, kx, ky). We
utilized the fundamental (hν = 1.55 eV) and the second
harmonic (hν = 3.1 eV) of a femtosecond Ti:sapphire laser.
The 2PPE photoemission patterns of the clean sample (Fig. 2),

when excited by the second harmonic, show a pronounced
band feature with threefold symmetry and a bipolar MCD
signature that indicates the contribution of majority and
minority bands. We tentatively attribute this feature to a

band that has a minimum at k|| = 0.53 Å
−1

in case of

the �-X direction and k|| = 0.54 Å
−1

in case of the �-K
direction (thin arrow in Fig. 6, left panel). This is illustrated
in the kz = 1

3�L projection of the calculated band structure
shown in Fig. 7. The background shows a rather homogenous
intensity and dichroism asymmetry, but without having a
clearly visible k-dependence. Lowering the work function by
cesium deposition (Fig. 3) results in a strongly enhanced two
photon photoemission intensity which is due to resonant 2PPE
transitions via an IPS. Dichroism measurements using the
fundamental of the laser (Fig. 4) showed relatively constant
MCD asymmetries of more than 15%, which is in good
agreement with Ref. [25]. The homogeneous background
intensity and MCD asymmetry confirm the strong contribution
of direct transitions along crystallographic directions other
than �-L.

However, the analysis of I (EB , kx , ky) reveals that there
is a considerable contribution originating from an IPS serving
as an intermediate state for the 2PPE photoemission process,
which is not visible in total yield measurements. The IPS
provides a resonant 2PPE channel and therefore intensifies
the emission from certain initial states in the occupied part
of the valence band. These findings show that intermediate
states (here an IPS) as well as initial band states dominantly
contribute to the observed asymmetry. In contrast, for the clean
surface at hν = 3.1 eV these two contributions are missing
for energetic reasons. Hence, a relatively large background
intensity dominates the emission intensity.
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