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Threshold photoemission magnetic circular dichroism �TPMCD� in one-photon photoemission �1PPE� and
two-photon photoemission �2PPE� is measured at an ultrathin Co film grown on Pt�111�. Energy-dependent
measurements reveal maximum asymmetries directly at the photoemission threshold �1.90% for 1PPE and
11.7% for 2PPE� which weakly decrease with increasing photon energy. The measured TPMCD asymmetries
are discussed in two excitation models on the basis of spin-resolved band-structure calculations. For the model
of direct band-to-band transitions in other k directions than the direction of observation ��-L� ab initio
calculations for 1PPE and 2PPE are performed. The theory is in reasonable agreement with the measured
TPMCD responses. An explanation of the large 2PPE TPMCD signal is provided in terms of specific interband
excitations within the first excitation step. In the case of 2PPE angle-dependent measurements reveal a con-
tinuous drop of the asymmetry with increasing angle of incidence that agrees perfectly well with a calculation
using the Fresnel equations. For 1PPE a deviation from the Fresnel-field approximation is obvious.
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I. INTRODUCTION

Due to the interplay between the spin-orbit coupling
�SOC� and the exchange interaction in ferromagnets, photo-
emission excited by linearly or circularly polarized light
leads to an asymmetry in the spin-averaged photocurrent
upon reversal of the magnetization direction. These magnetic
dichroism effects have attracted much interest and developed
into various experimental methods. Using synchrotron radia-
tion, x-ray magnetic circular dichroism �XMCD� provides
element specific measurements, displaying the absolute val-
ues of spin and orbital magnetic moments.1–3 Exciting dis-
crete atomic core levels with a large spin-orbit coupling,
XMCD therefore benefits from large asymmetry values of
more than 30%.3,4 In contrast, using lasers with photon en-
ergies in the range of the sample work function, threshold
photoemission magnetic circular dichroism �TPMCD� gives
access to the electronic structure in the vicinity of the Fermi
level EF and thus allows insights into SOC and spin-
polarization effects in bands slightly below EF. Beyond that,
magnetic imaging in threshold photoemission with maxi-
mum lateral and time resolution could be performed by using
ultrashort pulse lasers with unprecedented time resolution in
combination with microscopy techniques such as photoemis-
sion electron microscopy �PEEM�.

Up to now there exist only few studies on threshold mag-
netic dichroism.5–10 In 2000 Marx et al.5 detected a magnetic
linear �i.e., transversal� dichroism of 0.37% with PEEM for a
100-nm-thick polycrystalline Fe film using a mercury arc
lamp. Remarkable asymmetries of �10% in one-photon
threshold photoemission were found by Nakagawa and
Yokoyama at perpendicularly magnetized Ni films on

Cu�001� using visible and ultraviolet laser light.6 Recently, it
was shown that in the case of Ni/Cu�001� the TPMCD asym-
metry is enhanced at the photoemission threshold and drops
to 65% �50%� of the threshold value in the case of one-
photon photoemission �1PPE� �two-photon photoemission
�2PPE�� at a photon energy 0.2 eV larger than the sample
work function. Moreover, angle-dependent measurements at
the same sample revealed an enhanced 2PPE asymmetry at
grazing incidence, which was explained by the enhancement
of the electric field component normal to the surface for
grazing angles.11

Despite these encouraging results, there is still only little
knowledge about suitable thin-film systems showing large
TPMCD asymmetries and the question is raised whether
other systems also show an equivalent energy dependence of
the TPMCD asymmetry. Otherwise, the behavior of the ob-
served asymmetries6,7,11 might be connected to special fea-
tures in the band structure for the case of Ni/Cu�001�, in
particular the existence of a spin-orbit split band close to EF
at the X point.

Moreover, the asymmetry behavior for single and
multiphoton-photoemission processes is a very interesting is-
sue since it is almost not investigated up to now and would
give important information about the magnitude and the gen-
eral energy dependence of magnetic circular dichroism for
different excitation mechanisms. Studying 1PPE would de-
liver gainful insights into the outright excitation of electrons
from initial states slightly below the Fermi energy to final
states above the vacuum level in the regime of threshold
photoemission. In 2PPE the first photon excites the electron
to an intermediate state and the subsequent absorption of a
second photon of the same laser pulse leads to the transition
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to the final state. From TPMCD measurements we can expect
new information about the two excitation steps and the inter-
mediate state involved in the 2PPE process. The angle de-
pendence of the TPMCD asymmetry has up to now been
investigated for the Ni case only and more systematics is
needed to understand its origin. Especially for applications
with PEEM it is of interest to examine under which condi-
tions enlarged TPMCD asymmetries arise for grazing inci-
dence.

Gaining more information about suitable thin-film sys-
tems, the absolute magnitude, energy dependence and angle
dependence of magnetic circular dichroism for different pho-
toemission processes would not only be interesting from the
viewpoint of fundamental research but also for applications
in time- and laterally resolved microscopy techniques with
future investigations of magnetization dynamics in mind.
The aim of the present paper is to contribute to these issues.
Thereby, the main goal of this work is to explain the different
asymmetry values for 1PPE and 2PPE by separate excitation
mechanisms as well as to partly deduce this difference from
features of the Co band-structure scheme. This information
should provide an indication of different preconditions for
enhanced magnetic asymmetries.

Owing to its perpendicular anisotropy, a 4.5-monolayer
�ML�-thick Co film grown on Pt�111� was chosen. Co/Pt
systems have attracted strong interest due to their high per-
pendicular magnetic anisotropy in ultrathin films and their
large magneto-optical Kerr effect. Thus, they represent suit-
able candidates for applications in magneto-optical recording
media.12–14 Since both the exchange splitting and the spin-
orbit coupling are preconditions for the appearance of mag-
netic circular dichroism the combination of ferromagnetic Co
and Pt with a high nuclear charge Z is promising for en-
hanced TPMCD asymmetries.15,16

Despite these good preconditions, previous TPMCD mea-
surements on a Pt/Co/Pt trilayer yielded surprisingly low
asymmetries in the 0.1% range.10 The question remained
whether this small MCD was a consequence of the Pt cap-
ping layer. In the present paper we present TPMCD measure-
ments on high-quality epitaxial Co films on Pt�111� without
capping layer. Remarkable TPMCD asymmetries of up to
11.7% �2PPE� and 1.9% �1PPE� are measured directly at the
threshold, which are more than one order of magnitude larger
than the asymmetry values for the capped system. The results
are quantitatively analyzed on the basis of spin-resolved
band-structure calculations for fcc Co, performed within the
framework of the local spin-density functional theory. We
use direct ab initio calculations to explain the 1PPE TPMCD
asymmetry. For the theoretical prediction of the 2PPE TP-
MCD we have to adopt excitation model assumptions to ex-
plain the observed, large asymmetry.

Angle-dependent measurements reveal a suprising con-
stant behavior of the asymmetry in the case of 1PPE. For
2PPE the asymmetry decreases with increasing angle of in-
cidence. In the framework of the Fresnel formalism this be-
havior is attributed to the expected loss of circular polariza-
tion in bulk material with increasing angle of incidence.

II. EXPERIMENTAL

Before deposition the Pt�111� single crystal was cleaned
by Ar-ion sputtering and subsequent annealing at 670 °C.

The quality of the substrate surface and the epitaxial Co film
was controlled by low-energy electron diffraction �LEED�.
In order to prepare a sample with a large Kerr rotation, char-
acteristic for a magnetization vector oriented out of the
sample plane, a Co thickness of 4.5 ML was chosen.10,17 The
deposition was carried out at room temperature by electron-
beam evaporation with a rate of 1 ML/4.5 min. Figure 1
depicts a LEED image of the Co/Pt sample at an electron
energy of 129.7 eV. The sixfold symmetry of the epitaxial Co
film can be clearly seen. The reflections with highest inten-
sity correspond to the Co lattice �right arrow� while the
neighboring inner reflections �left arrow� originate from the
Pt substrate. Also observable is a modulation of the Co lat-
tice reflections induced by the underlying substrate. This su-
perstructure represents a Moiré pattern arising from regular
dislocations.18,19

After preparation the sample was investigated by in situ
polar magneto-optical Kerr effect �PMOKE� measurements.
TPMCD asymmetries have been investigated using the same
setup. Figure 2 shows a schematic drawing of the experimen-
tal setup. For the excitation of photoelectrons a broadband
ultrashort pulse laser ���100 fs, 80 MHz repetition rate�
was used with photon energies ranging from h�
= �5.06–5.84� eV for 1PPE and h�= �2.46–2.92� eV for
2PPE. These ranges correspond to the fourth and the second
harmonic of the TiSa-laser radiation. The beam was adjusted
in the vacuum chamber via a system of apertures and a lens.
The sample was placed between the pole shoes of an elec-
tromagnet, generating a maximum magnetic field of �0H
=0.3 T. Circular polarization was achieved by quarter wave
plates for the particular wavelengths. By placing an anode
plate �1478 V� in front of the sample the emitted photoelec-
trons from the perpendicularly magnetized film were mea-
sured via the sample current. To generate 2PPE processes an
additional lens �f =15 mm� was used in the vacuum chamber
and possible admixture of one-photon photoemission pro-
cesses was cut off by using an optical filter. All measure-
ments were carried out at room temperature. During Kerr-
and energy-dependent TPMCD measurements the sample
was magnetically saturated along the surface normal so that
the sample magnetization was oriented parallel or antiparal-
lel to the helicity vector of the incoming laser light �see also
Fig. 1 in Ref. 10�

FIG. 1. LEED pattern of 4.5 ML Co/Pt�111� at 129.7 eV.
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III. RESULTS

Polar Kerr measurements were carried out under 45° in-
cidence of 636 nm laser light to determine the magnetic
properties of the sample. Figure 3�a� depicts a Kerr measure-
ment in polar geometry. The observed easy-axis curve �re-
manence equals saturation, coercive field 580 Oe� shows that
the sample magnetization is oriented along the surface nor-
mal. The Kerr rotation in saturation amounts to 22.6 mdeg.
Compared to the value for the Pt-capped system10 the Kerr
rotation angle is almost twice as large, revealing that the
capping layer reduces the Kerr rotation.

Figure 3�b� shows a typical 1PPE TPMCD measurement.
It represents an average over 30 hysteresis loops. Each hys-
teresis loop consists of 160 current readings. For 2PPE TP-
MCD 240 current readings per hysteresis loop were taken.
Since all hysteresis loops reveal easy-axis magnetization
curves, the TPMCD asymmetry for 1PPE as well as for
2PPE is evaluated as follows:

ATPMCD =
IS

M+
− IS

M−

IS
M+

+ IS
M− , �1�

where IS
M+

�IS
M−

� are the averaged values of the sample cur-
rents for positive �negative� sample magnetization direction,
measured for a fixed photon helicity. Alternatively, the mag-
netization can be fixed and the photon helicity be reversed.
In each measurement we ensured that a reversal of the pho-
ton helicity led to a reversal of ATPMCD as described in Ref.
8.

In order to determine the sample work function the depen-
dence of the electron yield on the photon energy was mea-
sured in the range �5.06–5.84� eV. This dependence is plotted
in Fig. 4. The electron yield is defined as: N=

ISh�

Pe , where N is
the number of electrons, IS is the sample current, h� is the

photon energy, P is the power of the laser beam, and e is the
elementary charge. For an energy difference �1 eV between
the photon energy and the sample work function a linear
relation between the electron yield and the photon energy is
found. For photon energies smaller than the sample work
function the electron yield approaches almost zero. A linear
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FIG. 2. �Color online� Schematic drawing of the experimental
setup for Kerr and TPMCD measurements in the polar setup. Pho-
ton energy range is h�= �5.06–5.84� eV for 1PPE and �2.46–2.92�
eV for 2PPE.
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A
)

FIG. 3. �a� Polar Kerr measurement. The error bars are on the
order of the symbol size. �b� Drift-corrected 1PPE TPMCD mea-
surement showing the sample current at a photon energy of 5.39 eV.
The figure represents an average over 30 hysteresis loops, each
hysteresis loop consists of 160 current readings. A typical error bar
is shown on the bottom branch.

FIG. 4. Dependence of the electron yield on the photon energy
for the determination of the sample work function.
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fit determines the work function to 	= �5.23
0.1� eV in the
case of 1PPE. The determination of the work function prior
to the 2PPE measurement leads to a value of
�4.98
0.1� eV. The reason for this slightly changed value
might be a contamination from residual gas adsorption.

Figure 5 depicts the energy dependence of the TPMCD
asymmetry for �a� 1PPE and �b� 2PPE. The dashed lines
mark the positions of the photoemission thresholds deter-
mined from the work-function measurements. In 1PPE as
well as in 2PPE the asymmetries are maximum at threshold
and drop slightly with increasing photon energy. The relative
loss of asymmetry per energy interval is nearly the same for
both measurements. However, the absolute asymmetry val-
ues differ strongly. In the case of 2PPE a threshold value of
11.7% is detected while for 1PPE only a value of 1.9% is
reached. Furthermore, in both cases asymmetry values are
observable below the photoemission threshold. Partial band
occupation above the Fermi level at 300 K and the spectral
width of the laser give reasons for this. The apparent weak
oscillation in �a� might be attributed to instabilities in the

generation of the laser light �fourth harmonic� as well as
slight differences in the efficiency of the broadband quarter
wave plate for different wavelengths. The energy depen-
dence and the different absolute asymmetry values in 1PPE
and 2PPE will be discussed later.

For 1PPE at 5.22 eV as well as for 2PPE at 2.46 eV
angle-dependent measurements were carried out. Figure 6
illustrates the experimental situation during angle-dependent
measurements. The asymmetry is proportional to the scalar
product of the helicity vector �� of the circularly polarized
light and the magnetization vector M� . The directions of the
incoming laser light �i.e., the helicity vector �� � and the ex-
ternal magnetic field H� stayed parallel ��� �H� �. At an angle of
incidence of �=0°, �� , H� , and M� are therefore aligned paral-
lel to each other and perpendicular to the sample plane. By
rotating the sample by �, the external field H� causes the
sample magnetization to deviate from the perpendicular ori-
entation. Applying an infinite external field would therefore
result in a parallel orientation of M� and H� . This is not the
case for finite external fields. M� is thus oriented under an
angle of �� with respect to H� . To judge the angle dependence
of the asymmetry we therefore have to account for the devi-
ant orientation of M� with respect to H� and �� . This is done by
calculating ��=�− using the free enthalpy

g�,�� =
JS

2

2�0
cos2�� + K1 sin2�� + Kme sin2��

+
KS

t
cos2�� − �JS

� ��H� �cos�� − � �2�

with the magnetocrystalline anisotropy constant K1, the an-
isotropy constant due to magnetoelastic strain Kme, and the
surface anisotropy constant KS including both interfaces. The
higher order anisotropy term K2 was neglected. �JS

� �=1.8 T is

(b)

(a)

FIG. 5. �Color online� �a� Energy dependence of the 1PPE TP-
MCD asymmetry for 4.5 ML Co/Pt�111�. �b� Same for the 2PPE
TPMCD asymmetry. The dashed lines mark the photoemission
thresholds determined from work-function measurements. All mea-
surements were carried out in the polar Kerr setup. For 1PPE a
characteristic error bar has been derived that is mainly due to sta-
tistical fluctuations of the measured data. For 2PPE the error bars
are in the order of the symbol size because of the larger absolute
asymmetry values.
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FIG. 6. �Color online� Illustration of the experimental situation
within angle-dependent measurements. Rotating the sample by an
angle � results in a sample magnetization M� oriented under  with
respect to the surface normal n� and under �� with respect to the
photon helicity �� and the external magnetic field H� .
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the magnetization in saturation, �H� �= 0.1
�0

T is the applied
external field, t=0.9 nm is the Co layer thickness, and
�0=4��10−7 N A−2 is the vacuum permeability.
Minimizing g� ,�� with respect to  yields

�g�,��
�

= − 2�L +
KS

t
�cos��sin�� − �JS

� ��H� �sin�� − � = 0

�3�

with L=
JS

2

2�0
−K1−Kme, representing the volume energy aniso-

tropy constant. For L a value of 9.2�105 J m−3 was taken
from Ref. 20. The surface anisotropy constant was calculated
by using a critical thickness for the spin-reorientation transi-
tion of tc=1.1 nm, which was previously detected at a Co
wedge on Pt�111�. This gives KS=−1.01�10−3 J m−2. Solv-
ing Eq. �3� for  finally yields ��. Figure 7 shows the angle
dependence of the TPMCD asymmetry for 1PPE as well as
for 2PPE. The open circles depict the measured asymmetry

values, depending on the angle of incidence �. The full dots
represent asymmetry values A�=A /cos����, taking into ac-
count that the magnetization is not collinear with the external
field and hence with the photon helicity. While for 1PPE the
asymmetry almost stays constant, A� decreases with increas-
ing angle of incidence in the case of 2PPE.

Large angles of incidence normally result in a polarization
loss for incoming circularly polarized photons in the sample
material. This behavior is well reproduced by the angle-
dependent measurements in the case of 2PPE. Moreover, the
polarization change also depends on the wavelength of the
incoming photons and is therefore different for different pho-
ton energies. At first glance, this could be an explanation for
the different 1PPE and 2PPE angle dependences. To provide
inside into this issue the relevant MCD creating term
Im�cos ��E��E��

�� in the Fresnel-field approximation was cal-
culated following Ref. 21, where E�� and E�� denote the am-
plitudes of the electric field components parallel and perpen-
dicular to the plane of incidence inside the material and ��
marks the internal polar angle of incidence. This term is
equivalent to the loss of circular polarization and is calcu-
lated by using the refractive indices for both wavelength
�250 nm for 1PPE, 505 nm for 2PPE� in Co bulk material,
taken from Ref. 22. Note that for 1PPE a slightly different
wavelength compared to the experiment �237.5 nm� has been
used, since refractive indices for lower wavelengths are not
available in the program code. To allow for comparison with
the experiment the calculated values were additionally nor-
malized at �=0°. While for 2PPE the theory confirms the
measurement, the calculation for 1PPE cannot describe the
measured constant behavior. Since the calculated polariza-
tion loss is, however, almost the same for 1PPE and 2PPE
the measured data cannot be explained by the influence of
different refractive indices due to different photon energies.
A possible reason is the fact that the present theory only
holds for bulk materials. However, for 1PPE the existence of
a second interface to the substrate might be of greater impor-
tance compared to 2PPE because the real parts of the refrac-
tive indices of Co and Pt are different in the case of 1PPE
while they are almost equal for 2PPE.

IV. DISCUSSION

As outlined above 1PPE as well as 2PPE TPMCD mea-
surements reveal enlarged asymmetries compared to mea-
surements for a capped system. In Ref. 10 a Pt capped Co
wedge was grown on a 20 ML Pt buffer layer on W�110�.
This sample exhibits asymmetry values of 0.06% �1PPE� and
0.10% �2PPE� at 4.5 ML Co thickness. In that case only
fixed photon energies of 4.64 eV for 1PPE and 3.1 eV for
2PPE were available. Due to a sample work function
of 	=4.6 eV 1PPE �2PPE� experiments were carried out
0.04 eV �1.6 eV� above threshold. In the case of the un-
capped system asymmetries of 1.82% �1PPE� at the same
difference between photon energy and sample work function
and 8.37% �2PPE� at a maximum difference of 0.86 eV are
measured. In both cases the asymmetry values are more than
one order of magnitude larger than for the capped system.
We briefly recall possible reasons for the reduction in MCD

(b)

(a)

Fresnel

Fresnel

FIG. 7. �Color online� �a� Angle dependence of the 1PPE TP-
MCD asymmetry measured at a photon energy of 5.22 eV for 4.5
ML Co/Pt�111�. �b� Same for 2PPE TPMCD asymmetry measured
at a photon energy of 2.46 eV. The open circles show the measured
asymmetry values A, the full dots depict the asymmetry values A�
=A /cos����, which account for noncollinear magnetization orienta-
tion relative to the photon helicity. The full curves denote the cal-
culations for the relevant MCD creating term Im�cos ��E��E��

�� in
the Fresnel-field approximation for 250 nm �1PPE� and 505 nm
�2PPE� in Co bulk material.
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asymmetry values imposed by the capping layer. Photoemis-
sion from the Pt cap layer �3 nm thick in Ref. 10� will give a
background signal that shows no MCD �except for a possible
small polarization of Pt at the interface�. Therefore the Pt
contribution to the total photoyield will decrease the detected
asymmetries. Moreover, the cap layer causes a substantial
transport loss of Co photoelectrons, which may depend on
the band structure of Pt. These losses do not depend on the
photon helicity and will not diminish the MCD of the Co
photoelectrons. But they strongly reduce the intensity of the
asymmetry-carrying signal. In summary, the transport losses
of the Co photoelectrons as well as the extra intensity by the
Pt photoelectrons are reasons for the decreased MCD asym-
metry.

For the capped as well as for the uncapped system the
2PPE asymmetry is larger than the asymmetry in one-photon
photoemission. However, the relative loss of asymmetry per
energy interval is nearly the same for 1PPE and 2PPE as
shown in Fig. 5. In the following we will analyze this behav-
ior in terms of band-structure calculations. For 2PPE pro-
cesses the analysis of band transitions is more complicated,
since the electrons are excited via a two-step process. The
intermediate state can be virtual or real and the selection
rules might only apply treating 2PPE as a series of two one-
step excitation processes. Moreover, the parity is changed in
a one-step process while it does not change in the case of
2PPE.

Relativistic band-structure calculations have been per-
formed on the basis of the local spin-density approximation.
Figure 8 shows the calculated energy bands of fcc Co, using
a lattice constant of a=0.35457 nm, for the low-index crys-
tallographic directions. The dashed horizontal line indicates
the vacuum level for 1PPE. The value for 2PPE lies 0.25 eV
lower. Vertical arrows denote possible transitions for 1PPE
�dashed� and 2PPE �full arrows�. Owing to energy conserva-
tion only bands located in a narrow region up to 0.61 eV

�0.86 eV� below EF can contribute to the 1PPE �2PPE� signal
at the maximum available photon energies. The region for
2PPE has been hatched in Fig. 8, right-hand side. In the
presence of spin-orbit coupling the spin as well as the spatial
symmetry of the individual bands are no longer good quan-
tum numbers; bandmixing due to hybridization has to be
taken into account. Therefore, spin and symmetry character
of bands change along the crystallographic directions in a
fully relativistic calculation. It is therefore more appropriate
to label the bands only with numbers. On the basis of Fig. 8
we consider two possible excitation scenarios A and B.

First we consider usual photoelectron emission from an
fcc crystal with �111� surface orientation. In this conven-
tional approach only transitions in the normal emission di-
rection �-L of the reciprocal lattice can take place. This is
described by model A. At the threshold, normal emission is
strictly fulfilled because no excess energy for k��0 is avail-
able. In the regime close to the threshold the escape cone
effect limits possible transitions to small k� values �e.g.,
k�max

=0.23 Å−1 at 0.2 eV excess energy�. Within model A
bands 11 and 12 are good candidates for initial states. Al-
though the calculated bands 11 and 12 in Fig. 8 are located
slightly above the Fermi level, epitaxial strain, and /or a
possible doping effect of the Pt substrate could shift the ac-
tual bands closer to the Fermi level so that they might be
occupied at finite temperatures. Photoemission directly at the
Fermi edge from the �-L direction of fcc Co was also con-
firmed by Ref. 23. In agreement with former band-structure
calculations24,25 bands 11 and 12 are minority-spin bands in
the �-L direction and carry d character. Note that the band
character changes to sp type along the L-W and U-X direc-
tions, and due to a spin-orbit-induced avoided band-crossing
band 11 adopts majority-spin character. Moreover, bands 11
and 12 exhibit large densities of states in the vicinity of the �
point. However, no final-state band exists in the energy range
closely above the vacuum level �dashed horizontal line�.
Hence, 1PPE electrons are excited to evanescent states, being
quasifree continuum states that are strongly damped inside
the material �transition marked with thin dashed arrow�. In
the case of 2PPE the transition along �-L can only proceed
through a virtual intermediate state to an evanescent final
state �thin full arrow�. Both the virtual state and the final
state carry minority character due to the prohibition of inter-
system crossing. In model A the fact that the relative loss of
asymmetry per energy interval is similarly small for 1PPE
and 2PPE points out that the possible intermediate states in
2PPE might be very similar to each other, influencing the
energy dependence of the asymmetry in the same way.
Therefore, one might be inclined to think of a “broadband”
of virtual intermediate states with similar properties due to
lifetime broadening.

In conclusion, model A relies on the fact that only transi-
tions in the �-L direction �into evanescent states� are in-
volved in near-threshold photoemission from the �111� face.
It thus represents the conventional model of photoemission.
In this context, 1PPE spectroscopy measurements on Co/
Cu�111� �Ref. 25� reveal the loss of a prominent direct band-
to-band transition peak when reducing the photon energy to
below 6 eV. However, these measurements did not unam-
biguously attribute the remaining photoemission intensity to
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FIG. 8. �Color online� Band structure of fcc Co with a lattice
constant of a=0.35457 nm. The thin dashed �continuous� arrows
denote possible 1PPE �2PPE� transitions in the �-L direction
�model A� while the bold dashed and continuous arrows show the
possible 1PPE and 2PPE excitations in all other crystallographic
directions �model B�. The hatched region on the right-hand side
denotes the energy range of initial bands contributing to 2PPE-
TPMCD. The dashed horizontal line indicates the position of the
vacuum level EVac for the 1PPE measurements.
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direct transitions into evanescent states. One argument
against scenario A is the fact that the TPMCD asymmetries at
least for a Pt-capped Co system are bulk sensitive, i.e., the
asymmetry increases with the film thickness up to 8 ML.10

This finding is highly incompatible with an evanescent final
state that is strongly damped inside the material. Concerning
2PPE measurements, model A furthermore lacks an explana-
tion of the enhanced absolute asymmetries compared to
1PPE as there are no real band-to-band transitions account-
ing for the difference of 1PPE and 2PPE MCD. Since the
initial band already carries minority character a spin filter
effect of the intermediate state can also be excluded. The fact
that 2PPE is a parity-conserving process could be of impor-
tance. But apart from this, the enhanced 2PPE asymmetries
must be traced back to particular characteristics of the virtual
intermediate state which cannot be further determined up to
now.

Resuming the conventional interpretation of k� conserving
direct transitions along �-L �model A� we are facing several
serious discrepancies. The bulk sensitivity of TPMCD as re-
ported previously10 is in conflict with the missing final-state
band. The large difference between the 2PPE and 1PPE
MCD asymmetries is at variance with a structureless con-
tinuum of virtual intermediate states in the �-L direction. We
thus search for a possible explanation of the experimental
results beyond the conventional direct interband-transition
approach. The bulk sensitivity i.e., the increase in MCD up
to large thicknesses of 8 ML proves that the relevant final
state �or the intermediate state in the 2PPE process� must
stem from the bulk band structure. It is thus suggestive to
consider directions different from �-L, where interband tran-
sitions into real final �intermediate� state bands occur. This
leads to scenario B.

In scenario B we apply a model that is successfully used
for photon-in/photon-out experiments such as the magneto-
optical Kerr effect. There, all possible interband transitions
in the whole Brillouin zone are considered and the dichroic
signal is obtained by averaging over all k directions. This
model has proven to be a powerful approach for many dif-
ferent systems.26,27 We transfer this scenario to our photon-
in/electron-out setup with an important modification. In a
photoemission process the energy condition �Einstein equa-
tion� containing the work function of the material has to be
accounted for, i.e., in near-threshold photoemission only a
narrow region of initial states below EF contributes to the
observed photoyield. This small region is denoted for the
2PPE case by the hatched area in Fig. 8 in contrast to the
much larger area �given by the photon energy� that contrib-
utes to MOKE. Energy conservation thus restricts the maxi-
mum available binding energy of the initial bands in our case
to EBmax

=0.61 eV �0.86 eV� at the maximum available pho-
ton energies for 1PPE �2PPE�. Owing to the small photon
momentum at the given energies, the electron momentum is
conserved during the excitation. For the final emission step
additional momentum is needed as discussed later.

In scenario B we thus look for allowed interband transi-
tions in all crystallographic directions with initial bands in
the hatched binding energy interval in Fig. 8. Such transi-
tions are marked in Fig. 8 for 1PPE �thick dashed arrows�
and for 2PPE �thick full arrows�. For the 1PPE case we find

interband transitions along �-K, U-X and along X-W, L-W.
Note, however, that Fig. 8 displays only the projections of
the band structure in low-index directions. In the full three-
dimensional k space there are many more such transitions in
arbitrary k directions. For 2PPE we look for transitions to
real intermediate states. Notably, we find 2PPE transitions of
this kind close to the X point and in the �-K and L-W direc-
tions. Most interesting might be the �-X direction, since the
transition takes place in the vicinity of the high-symmetry X
point. Bands 6 and 7 carrying a high density of states in the
vicinity of X serve as initial states. Bands 11 and 12 also
exhibit a high density of states at X pointing at high transi-
tion probabilities. In all cases the final state for 2PPE is again
an evanescent state.

1PPE and 2PPE processes are restricted to the mentioned
transitions as long as lifetime broadening of the intermediate
and final states is not regarded. Otherwise, also excitations
from other initial bands might be involved depending on the
magnitude of the lifetime broadening.

For reasons of clarity Fig. 8 shows only the high-
symmetry directions. The following calculations, however,
are performed taking into account all crystallographic direc-
tions and obeying energy conservation. This means that k is
integrated over the whole Brillouin zone.

To check the validity of model B, we have performed
ab initio calculations of the TPMCD. The appropriate theo-
retical formalism for deriving magnetic dichroic spectra is
relativistic energy-band theory combined with the linear-
response theory to treat the magneto-optical response of the
material �see, e.g., Ref. 26�. We adopt this formalism to
model first the optical excitation in the material due to the
incident laser light. In a magnetic material with polar mag-
netization configuration �M� � z��, the wavelength-dependent
refractive indices for right �−� and left �+� circularly
polarized light traversing the material are given by
n


2 =�xx
 i�xy, where �xx and �xy are components of the per-
mittivity tensor �. The latter tensor is related to the optical
conductivity tensor, �, through �ij =�ij +4��ij /�. � can be
computed within the linear-response formalism. To treat,
however, the 1PPE and 2PPE processes appropriately,
additional assumptions must be made and constraints
on the excitation must be included. The TPMCD can
be approximated by assuming that the intensity of the
created photoelectrons Ie is directly proportional to the inten-
sity of the light absorbed in the medium Iabs. This approxi-
mation is the common assumption underlying electron-yield
detection of x-ray dichroism.28,29 In normal incidence the
intensity of created photoelectrons is hence given by
Ie


� Iabs

 = I0�1−exp�−�
d��, where I0 is the intensity of the

incoming radiation, d is the depth in the material, and �
 is
the absorption coefficient for left, respectively, right circu-
larly polarized light. The absorption coefficient is connected
to the refractive index through �
=−2� Im�n
� /c. Once n


has been obtained from the computed conductivity tensor �,
it is straightforward to evaluate the corresponding electron
intensities Ie


 and from these the TPMCD asymmetry using
Eq. �1� for the case of reversed photon helicity.

As a next step we consider the conditions for the specific
1PPE or 2PPE excitation process that are to be included in
the calculations of the ���� tensor. To start with, we note
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that in the ab initio approach only transitions to real bands
are accounted for, excitations to evanescent or virtual states
are not regarded. In the light of the above discussion, this
implies that the excitation process for 1PPE can be fully
described while for 2PPE only the first excitation step into a
real intermediate state can be treated.

The 1PPE process is comparably easy to model. The es-
cape of created photoelectrons requires their band energy to
be equal or larger than the work function. Hence, in the
linear-response expression for �ij the sum over occupied ini-
tial states and unoccupied final states �see, e.g., Ref. 30�
consists of only those final states with energies above the
work function ��final�	�. Also, as mentioned before the
maximum photon energy used in the experiment restricts the
possible initial states ��init�−�h�max−	��.

2PPE TPMCD is not yet well understood and its modeling
requires further assumptions. A model treatment for 2PPE
TPMCD has recently been discussed in Ref. 9. In this paper
two approaches were considered: one in which the 2PPE
consists of two unconnected 1PPE excitation steps and a
second one in which there is a coherent, simultaneous ab-
sorption of two photons. The latter approach was preferred in
the previous study;9 for ternary Heusler alloys it gave theo-
retical 2PPE TPMCD asymmetries, which were in good
agreement with the measured values. In this work we have
also tested the second way of computing 2PPE TPMCD on
fcc Co. This gives 2PPE TPMCD values of the same order of
magnitude as the 1PPE TPMCD, but it does not reproduce
the measured values of about 10%. This finding is under-
standable because, in contrast to the Heusler alloys, there are
only two real final bands available in fcc Co at 5 eV above
EF �see Fig. 8�. As mentioned above, this suggests the in-
volvement of an evanescent final state instead of a real band
state. The first part of the 2PPE process with a transition to a
real intermediate state can, however, be treated with ab initio
calculations, assuming similar conditions as above for 1PPE
but for 	2PPE /2 and corresponding photon energies.

We start our discussion of the calculated results with first
considering the 1PPE process. Figure 9 shows a spin-
resolved calculation of the imaginary and real parts of the
conductivities �xy and �xx for the 1PPE excitation as a func-
tion of photon energy. The dashed curve gives the conduc-
tivity spectra due to majority-spin excitations, the full curve
those due to minority-spin transitions. A work function of 4.9
eV is used while a typical lifetime broadening of 0.4 eV of
the final state is assumed, which is equivalent to a softening
of the energy condition for the maximum accessible binding
energy. As a result, the absorptive parts of the spectra
�Re��xx� and Im��xy�� increase steeply around the work-
function value. The tail at energies �	 is due to lifetime
broadening effects. The dispersive parts of the spectra
�Im��xx� and Re��xy�� can, of course, extend farther to lower
energies. The calculations reveal a strong asymmetry in the
majority-spin and minority-spin contributions, particularly in
the energy range of interest, 5–6 eV.

In Fig. 10 we show several computed 1PPE TPMCD
spectra. The calculated TPMCD varies around 1%, which is
about a factor of two smaller than the experimental values
�dots�. Toward the threshold the computed asymmetry falls
off whereas the experimental counterpart shows a slight in-

crease. The behavior near the threshold in the calculations is
related to how the conditions on the initial and final band
energies are enforced. This means that depending on the
choice and the sharpness of the experimental parameters
�maximum binding energy, work function, lifetime broaden-
ing�, which are not exactly known, the calculated energy
dependence can change toward a better agreement with the
measured trend of the MCD asymmetry. For Fig. 10 we have
used reasonable values for the lifetime broadening that
showed good results for MOKE. One probable reason for the
drop of the experimental values with increasing photon en-
ergy is that there is an increasing underlying background
signal of secondary electrons that does not show an MCD.
The reasonable correspondence in the magnitude of the cal-
culated and measured 1PPE TPMCD prompts that the basic
mechanism for the 1PPE is the influence of spin-exchange
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FIG. 9. �Color online� Calculated spin-resolved 1PPE optical
conductivity spectra. Shown are the imaginary and real parts of �xy

and �xx for 1PPE as a function of photon energy. A work function of
4.9 eV and a lifetime broadening of 0.4 eV are used.
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and spin-orbit interactions on the single-particle energy
bands. These interactions are quite well captured by relativ-
istic band-structure theory.

As mentioned above, for 2PPE especially excitations in
the vicinity of the X point are of interest. We have computed
the first step of the 2PPE excitation process investigating the
real interband transitions in the photon energy range of
h�=	2PPE /2=2.49 eV up to h�max=2.92 eV. High TPMCD
asymmetries result from the transitions of bands 6 and 7 to
band 11 and 8 to 12 near X. In Fig. 11 we show the com-
puted TPMCD of the corresponding excitation channels, cal-
culated through k integration over the whole Brillouin zone.
The computed MCD values for individual interband transi-
tions are much larger than the total 1PPE MCD shown in
Fig. 10, calculated by summing over all bands. Especially
the transitions 6→11, 7→11, and 8→12 give maximal
MCD values of −33%, 10%, and 14%, respectively. The on-
set of the 8→12 �and also 8→11� transition is, however,
just at 2.9 eV, i.e., at the end of the experimentally probed
range, therefore these transitions contribute little to the ex-
perimental signal. The MCD spectrum is dominated by the
7→11 transition. Although 6→11 gives a large MCD signal
when computed for the single band-to-band transition
�squares�, it’s contribution is heavily reduced when summed
up with other transitions. The resulting MCD of all bands
�lying triangels� is reduced to 5%, which is a factor of two
smaller than the experimental 2PPE MCD values. Since it is
dominated by the 7→11 transition it also exhibits the same
energy dependence. Due to contributions from all other al-
lowed band-to-band transitions to �xx the total asymmetry is,
however, smaller. The relative energy dependence of the ex-
perimental data is also well reproduced by theory.

The calculation validates that specific band-to-band tran-
sitions �in the vicinity of high-symmetry points� are very
likely the source of the large 2PPE MCD. Through the rather

narrow accessible energy range of 2.49–2.92 eV, mainly the
7→11 transition channel dictates the first step of the 2PPE
excitation. Assuming that the TPMCD would not be signifi-
cantly altered in the second excitation step to an evanescent
final state, the resulting 2PPE TPMCD would be on the order
of 5% and, hence, larger than the 1PPE TPMCD. More gen-
erally, one can conclude that large asymmetry values in the
near threshold yield could be triggered by specific band-to-
band transitions and that the first excitation step might be the
major asymmetry-creating process. In summary, the model
applied in scenario B yields agreement within a factor of 2
with the measured MCD asymmetries. Moreover, the factor
of 6 between the 2PPE and 1PPE asymmetries is well repro-
duced by theory. We thus propose the explanation that indeed
interband transitions in other directions than �-L are respon-
sible for the large MCD measured for Co films on Pt�111�.

In view of the encouraging agreement, we continue this
nonconventional model and search for a mechanism that
allows a �probably small� fraction of these electrons with
k��0 to surmount the surface barrier. When irradiating the
Co film with near-threshold photons, we induce direct inter-
band transitions in different k directions. Near-threshold ex-
citation therefore creates many hot electrons in band states in
various k directions inside of the material. The energy of
these excited electrons is sufficient to overcome the surface
barrier �all arrows in Fig. 8 end at or above EVac�. However,
their k-vectors point in various directions away from the sur-
face normal. Therefore additional momentum has to be trans-
ferred to the electron. Bulk or surface Umklapp processes
adding a reciprocal lattice vector to the k vector, is ruled out
at such low kinetic energies. Consequently, only scattering
processes with momentum transfer can serve as assisting
mechanisms. In electron-electron scattering the total energy
is shared between the two interacting electrons. However,
any energy loss of the photoexcited electron ends up in a
state below EVac so that the electron cannot escape from the
surface. Electron-phonon and accordingly electron-magnon
scattering are thus left as the final possibilities. Since
phonons/magnons carry large momenta but small energies a
quasielastic scattering with a low-frequency phonon/magnon
can transfer enough momentum to the electron to escape into
vacuum. Note that in electron-magnon scattering the spin of
the electron is reversed, for electron-phonon scattering this is
mostly not the case. Since the present measurement tech-
nique is not sensitive to the spin of the escaping electron the
two processes cannot be distinguished. In normal photoemis-
sion experiments these weak contributions are masked by the
strong direct interband transitions. However, in our case no
direct interband transitions in �-L are possible so that the
phonon/magnon-assisted processes become significant in the
near-threshold photoyield and, hence, for the TPMCD.

Finally, the calculations in Fig. 11 demonstrate that the
existence of a real intermediate state in the 2PPE transition is
of great importance for the high TPMCD asymmetry to oc-
cur. In model A the intermediate state can only be virtual and
we have no further information except that its pure existence
should somehow cause a strongly enhanced 2PPE asymme-
try. The resonant interband transition in model B, however,
allows for quantitative conclusions. The excitation to a real
intermediate state is not only favorable since the dipole ma-
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FIG. 11. �Color online� Simulation of the TPMCD for the first
excitation step in a 2PPE process. Shown are the calculated
TPMCD spectra of fcc Co due to several pertinent band transitions.
A work function of 2.49 eV and a lifetime broadening of 0.4 eV are
assumed. The resulting MCD of all bands is reduced to 5%. Values
below 2.4 eV have been set to zero because of numerical errors due
to small emission intensities.
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trix element between two real states is large and the two-step
process will proceed very effectively. Also the enhanced life-
times of real states cause a large mean free path of the elec-
trons. This explains the large probing depth �bulk sensitivity�
and directly increases the possibility for an electron-phonon
interaction.

The calculations have shed light into the question, why
for the fcc Co-film the 2PPE asymmetries are six times larger
than 1PPE asymmetries, which is different from the case of
Ni�100�.11 For 1PPE the electron-phonon interaction must
take place after the outright excitation of the electron into a
real final state. For 2PPE the scattering process could happen
either after the excitation to the real intermediate state or
after the whole two-step process. The first possibility causes
an increase in the electron-phonon scattering probability. In
this sense, time-resolved measurements would be interesting
and helpful to investigate whether scattering already appears
in the intermediate state or the electron is first excited via the
two-step process to the final state before it interacts with a
phonon. However, those experiments would require pulse
widths in the few-femtosecond range.31

For the given band structure of fcc Co and photon energy
range, most relevant 2PPE transitions showing high MCD
asymmetries can be found around the X point. Although not
only the low-index crystallographic directions contribute to
the signal and k is integrated over the whole Brillouin zone,
this observation suggests that transitions in the vicinity of
high-symmetry points in k space might be favorable for large
dichroic signals. Furthermore, the slope of the bands in-
volved in the emission process plays a crucial role. Flat band
regions like those of the initial bands 6 and 7 and the real
intermediate bands 11 and 12 exhibit large densities of states
and thus give rise to high partial intensities.

For 1PPE as well as for 2PPE the measured asymmetries
are a factor of 2 larger than the calculated values. A reason
for this might be a selection mechanism in the phonon-
scattering process. In theory all k directions are averaged
equally. In the experiment scattering with lower momentum
transfer is more probable than phonon scattering with higher
momentum transfer. This would be advantageous for k vec-
tors with higher projection onto the surface normal against
those with low projection.

V. CONCLUSION

Energy- and angle-dependent magnetic circular dichroism
measurements in threshold photoemission �TPMCD� for
one- and two-photon photoemission �1PPE and 2PPE� have
been carried out on a 4.5 ML Co film on Pt�111�. The fourth
and second harmonic of a femtosecond laser served as
photon source yielding h�= �5.06–5.84� eV and
h�= �2.49–2.92� eV for 1PPE and 2PPE, respectively.

Energy-dependent measurements reveal maximum asym-
metries directly at the photoemission threshold �1.9% for
1PPE and 11.7% for 2PPE� that weakly decrease with in-
creasing photon energy. A fully relativistic band-structure
calculation for fcc Co provides the basis for quantitative
comparison of the magnetic asymmetries. Since for the
normal-emission direction �i.e., �-L� there is neither a real

final state nor a real intermediate state for 2PPE the standard
model of direct interband transitions cannot be applied to
near-threshold photoemission from fcc Co�111� and, like-
wise, not for hcp Co�0001�.23 Instead, we have treated the
problem analogously to MOKE theory with the additional
restriction in energy due to the existence of the sample work
function in the energy equation of the photoemission pro-
cess. The latter leads to a narrow energy interval of initial
states, in our case only 0.86 eV �2PPE� and 0.61 eV �1PPE�
below EF for the maximum photon energies used. In the case
of 1PPE the calculations are in reasonable agreement with
the measured TPMCD responses which emphasizes that the
origin of the 1PPE magnetodichroic effect is the combined
influence of the exchange splitting and spin-orbit interaction
on single-particle energy bands. For 2PPE only the first ex-
citation step could be simulated due to the lack of a real final
state. Here, the existence of a real intermediate state is of
great importance and the enlarged 2PPE asymmetry is
mainly attributed to specific interband transitions between
initial and intermediate states. Also the prevailing appear-
ance of transitions between bands, carrying a high density of
states in the vicinity of a high-symmetry point in k space
gives reasons for the enhanced-asymmetry values. As the
relevant transitions occur in crystallographic directions other
than �-L, additional momentum has to be delivered by a
secondary process. We propose electron-phonon and/or
electron-magnon scattering processes as assisting mecha-
nism.

Angle-dependent measurements reveal a constant asym-
metry in the case of 1PPE that might be explained by the
presence of a second �Co/Pt� interface. For 2PPE the asym-
metry decreases with increasing angle of incidence. This be-
havior could be quantitatively modeled using the Fresnel for-
malism leading to a loss of circular polarization in bulk
material with increasing angle of incidence. In this case the
second interface has no effect due to the equal refraction
indices of Co and Pt. The measurements also demonstrate
that large angles of incidence as used in standard photoemis-
sion electron microscopy setups are still sufficient to exploit
large dichroic effects as magnetic contrast mechanism.

In conclusion the measurements on Co films on Pt�111�
demonstrate that a sizeable TPMCD can be measured even in
cases where no special band-structure features as in the case
of Ni �spin-orbit split band close to EF� are present and even
band-to-band transitions in conventional normal electron
emission ��-L direction� are not possible. Unlike the case of
Ni�001�,11 the asymmetry is almost energy independent and
still large for photon energies 0.5 eV above threshold with
enhanced electron intensities so that a fine tuning of the pho-
ton energy is not needed in this case. Our experiments dem-
onstrate that unique band-structure features are not necessar-
ily required. Although shown for the specific example of
Co�111�, the present results give evidence that sizeable
asymmetry values can be expected for many more materials.

For detecting large asymmetry values in future experi-
ments it would be advantageous to first inspect the band
structure of suitable materials considering the available
photon-energy range, work function, and crystallographic di-
rection. With the knowledge of the present work, resonant
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transitions to real intermediate bands �in the case of 2PPE� or
real final bands �in the case of 1PPE� would be promising
candidates for large asymmetry signals. The transitions must
not necessarily occur along the direction of observation,
since phonon or magnon scattering can provide the
necessary momentum transfer in near-threshold yield
experiments. The transitions should preferably be located
in the vicinity of high-symmetry points in k space with
participating bands carrying high density of states and
predominantly one-spin character. These criteria will allow
for a direct tailoring of TPMCD asymmetries in future
experiments.
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