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Abstract

The thickness and temperature dependence of the angular distribution of the
magnetic dichroism in photoemission from Co 2p core levels of Co/Cu(001) ultra-
thin films has been investigated, using unpolarized Mg Kα radiation. Photoelectron
spectra were collected for emission angles in a range of ±9◦ around the surface nor-
mal in the [001] azimuth. All asymmetry spectra were found to exhibit an identical
spectral shape within the experimental error bar, but different scaling. The angular
distribution of the Co 2p dichroic signal shows that at emission directions off the
sample normal strong variations are present, in contrast to predictions from simple
atomic theory. These crystallinity-related modulations were studied for Co films of
different thicknesses (5, 3, 2, and 1.5 atomic monolayers (ML)) and different temper-
atures (100 and 300 K). They are higher for thicker films and lower temperatures.
This experimental finding proves a diffraction picture, in which this modulation
around the surface normal is explained by diffraction effects in forward scattering
along the sample normal. As diffraction effects in magnetic dichroism combine both
diffraction and magnetic dichroism, its behavior is influenced by both, structural
and magnetic properties of the film.
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1 Introduction

Core level photoelectron spectroscopy is a useful technique to study, on an
element resolved basis, the electronic structure of solids. In particular, when
applied to magnetic systems, it permits one to observe magnetic interactions
between the spin polarized and exchange split valence electrons and the core
hole formed during the photoemission process [1–6]. The photoemission line
splitting caused by these interactions is normally very small compared to the
width of the core level photoemission line so that it can be detected only
using spin resolved photoemission [7–9]. Magnetic dichroism in x-ray pho-
toemission has been introduced as an alternative to this technique [10]. In
magnetic dichroism experiments one measures the changes in the core level
spectra upon changing the relative orientation of light polarization and mag-
netization. This kind of dichroism appears in angle-resolved experiments and
is usually named magnetic dichroism in angular distribution (MDAD). The
first experiments performed with this technique used circularly polarized light
[10–13]. Later on, similar effects have been observed using linearly polarized
light [14–16], and unpolarized radiation [17–20].

In MDAD using linearly polarized light (LMDAD) the dichroism is a pure
interference effect, arising from the interference of different components of
the dipole operator [13,16,21]. From another point of view it can thus be
regarded as being proportional to the product between the reduced dipole
matrix elements tstd, where each term corresponds to the allowed transitions
p → s and p → d [15]. The dichroism is observable only if the magnetization
M has a component perpendicular to the plane defined by the photon and
photoelectron wavevectors, and if this M-component is not aligned with the
photon polarization. This means that s-polarized light thus does not give any
contribution to the dichroism [21,22].

As unpolarized light can be considered an incoherent superposition of s-
polarized light and p-polarized light, magnetic dichroism using unpolarized
radiation is basically equivalent to the dichroism observed using linearly p-
polarized light, apart from a constant scale factor. This permits one to perform
experiments of magnetic dichroism with unpolarized light using a conventional
x-ray source.

The theoretical explanation of LMDAD relies upon the well known effects of
spin polarization of photoelectrons excited from a beam of polarized atoms
and molecules [23,24]. In other words, these effects can to first order be in-
terpreted as a solid state manifestation of the linear dichroism in the angular
distribution (LDAD) of photoelectrons in atomic photoionization, where the
exchange interaction between valence and core states polarizes the core hole
[24,25]. The first reports on LMDAD proposed a phenomenological explana-
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tion of the effect in connection with experimental results on atoms of rare gas
[26], and with atomic theory [15,27].

The photoionization of a closed subshell, in the situation when the final hole is
polarized, is equivalent to the photoionization of a one-electron subshell, which
is initially polarized [22,28]. For that reason LMDAD from ferromagnets could
be treated like photoemission from initially polarized atoms, provided that the
splitting of the hole state due to the exchange interaction with the 3d subshell
is taken into account (atomic-like dichroism). Cherepkov pointed out that
the applicability of the atomic model requires photoelectron kinetic energies
high enough (at least at energies ≥40 eV) to ensure that the interaction of
the emitted electron with the remaining electronic system of the solid can
be considered negligible. It is therefore possible to simplify the final state
problem, and to discuss the one hole spectrum of the 2p core level only. In
that description no crystallinity effects are included.

In particular, using equation (1) of Cherepkov’s theory (Ref. [22]), in an ex-
perimental geometry where the sample magnetization M is switched between
up and down, being perpendicular to the plane defined by the photon and
photoelectron wavevectors (q and k, respectively), the dichroic asymmetry in
LMDAD (defined as the photoemission intensity difference of the two magne-
tization directions, I(M) − I(−M)) can be written as

ILMDAD = I(M) − I(−M) ∝ ρn10C
j
221(k · q)(q · k × M) (1)

where the parameter Cj
221 is

Cj
221 ∝ sin(δ2 − δ0). (2)

Here δ0 and δ2 are the corresponding phase shifts of the reduced dipole matrix
elements for the p → s and p → d transitions, respectively. As it appears from
equation (1), the sign and the relative magnitude of LMDAD, for different
magnetic sublevels, are defined exclusively by the sign and the magnitude of
the state multipoles ρn10, which define the orientation of the hole state.

This description of the atomic-like dichroism does not include any effects of
the crystallinity, represented by the surface normal n. In an experimental
geometry in which the sample is rotated about the magnetization axis, and
the direction of the three vectors q, k, and M is kept constant, the atomic-like
dichroism is independent of the emission angle α, defined as the angle between
the sample normal n and the photoelectron wavevector k (cf. Eq. (1)).

However, when an angle-resolved photoemission experiment on solids is per-
formed, other effects, which modify the atomic-like dichroism, can be im-
portant. In particular, recent MDAD experiments have shown that a strong
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modulation of the angular distribution of the atomic-like dichroism appears
[18,29–31]. In those experiments it was observed that crystallinity effects were
present for emission directions off the sample normal, giving rise to a charac-
teristic checkerboard pattern in the combined angle and energy dependence
of the dichroic asymmetry. Such strong effects are also present around other
low index directions [18,30,31], whereas along these directions the dichroism
was found to be mainly of atomic character [18,30].

These crystallinity effects have been interpreted as an additional diffraction
contribution to the atomic-like dichroism [18,29–31]. The theory of photoelec-
tron diffraction [32–35] in fact predicts that the scattered waves at the detector
will have acquired a phase shift with respect to the direct wave, due to the
scattering processes and the difference in path length of the waves. The ampli-
tude and the phase shift of the scattered waves depend on the emission angle
α, the spin of the photoelectron, and the magnetic moment of the scatterer
atom. In consequence, the total amplitude at the detector, composed by am-
plitudes of the direct and scattered waves, will be a function of α [18]. From
that it follows that the dichroic asymmetry is a function of the emission angle
[18,30].

The purpose of the present investigation is to test this diffraction picture. We
performed a thickness (5, 3, 2, and 1.5 atomic monolayers (ML)) and tempera-
ture (100 and 300 K) dependent study of angle resolved magnetic dichroism of
Co/Cu(001) films, using unpolarized light. A possible diffraction contribution
at the photoelectron energies between 450 and 550 eV (the energy range ex-
ploited in this study) should be mainly governed by forward scattering effects
[32–35]. For that reason, when decreasing the film thickness the diffraction is
expected to show a strongly reduced influence on the dichroism, due to the
lack of atoms available for forward scattering. From photoelectron diffraction
theory it is well known that the diffraction effects in photoemission are also
influenced by thermal vibrations of the atoms in the solid, which affect the
scattering coherence in otherwise periodic structures, and thus reduce the pho-
toelectron intensity and broaden its angular distribution [32–35]. This should
be reflected, at constant film thickness, in a dependence of the diffraction ef-
fect on the film temperature, where for higher temperatures a smaller effect
is expected.

Co/Cu(001) is a good candidate for this investigation because of the well-
known epitaxial layer-by-layer growth and its well-known magnetic [36–43]
and structural properties [37,44–49]. Moreover, recent experiments have shown
that using LMDAD it is possible to obtain information on the spin dependent
electronic correlations present in photoemission spectra of 3d ferromagnetic
metals [19]. In particular, Schneider et al. have shown by an MDAD exper-
iment that for 5 ML Co/Cu(001) films there is evidence in the Co 2p pho-
toemission line for a many-body satellite with majority spin character, which
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appears as a negative peak in the dichroic asymmetry [19]. For that reason,
knowing the shape of the dichroic signal for films at different Co thicknesses
should help to understand the electronic structure of the ground state of this
element.

2 Experiment

The experiment was performed using a standard Mg Kα x-ray source emitting
unpolarized light at 1253.6 eV, and a commercial multichannel hemispheri-
cal electron energy analyzer (HA 150 VSW Scientific Instruments Ltd.). The
energy resolution of the spectrometer was set to 320 meV, and the overall
resolution, including the width of the photon energy line, was about 0.9 eV.
The photoelectron current measured on the sample, at typical working condi-
tions of the x-ray source, was ∼ 3 nA. The angular resolution of the electron
detection was better than ∼ 3◦, and the angular reproducibility of the sample
manipulation ∼ 0.2◦.

The samples were thin Co films grown on Cu(001). Prior to the film prepara-
tion the copper substrate was cleaned by 1.5 keV Ar+ ion bombardment and
annealing cycles to about 800 K for 2 min and to 600 K for 5 min. The clean-
liness of the substrate was monitored in situ by Auger electron spectroscopy
(AES). The growth was epitaxial, and proceeded layer-by-layer. Cobalt films
were deposited in situ on Cu(001) at room temperature by electron bombard-
ment of a high purity cobalt rod (99.99%) with a typical deposition rate of
1 ML/min. Before deposition, a proper outgassing of the Co rod had been
performed. In this way the pressure in the chamber remained in the range of
10−8 Pa during deposition, and no impurities could be detected by Auger elec-
tron spectroscopy. Film thickness and growth conditions were monitored by
medium energy electron diffraction (MEED), following the intensity variation
of the specular electron beam during evaporation. The growth temperature
was carefully controlled by cooling the sample with liquid nitrogen and heat-
ing to the desired temperature, which was stabilized within a range of ± 5 K.
The thickness of all of the films studied in this investigation is defined within
a range of ±0.2 ML.

The magnetic properties of the films were studied by in-situ magneto optical
Kerr effect (MOKE). Earlier studies showed that there is a pronounced in-
plane four-fold anisotropy, which was suggested to be due to a strain-induced
magnetoelastic anisotropy [37–41]. In the present experiments, it was found
that higher magnetic fields are needed to fully magnetize the Co films along
the <100> hard axis than along the <110> easy axis. The remanent mag-
netization along all in-plane directions, however, was found to be equal to
the saturation magnetization (within our level of accuracy), allowing to study
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these films with MDAD along both directions.

Before recording each photoelectron spectrum, the sample was remanently
magnetized in-plane along the [010] direction of the substrate by applying a
magnetic field obtained by a current pulse through a magnetic coil located
near the sample. The current pulse is supplied by discharging a capacitor of 4
mF into the coil with the axis along the [010] direction of the sample. To check
the sample magnetization, MOKE measurements were performed between and
after the photoemission measurements with reversed magnetization. It was
found that the sample was remanently magnetized in saturation during all
the time needed for each measurement, for all the Co films investigated in this
paper.

We have collected the photoemission intensity spectra (I+ and I−, respec-
tively), for the two magnetization directions, as defined in Fig. 1. All the
intensity spectra reported in this paper have been collected with the same
conditions of the x-ray source (emission current 40 mA and anode high volt-
age 15 kV), except those of the 5 ML film at 300 K, which have been measured
accidentally with a lower emission current (35 mA).

From these curves we have formed the asymmetry, which is defined as

A(E) =
I+(E) − I−(E)

I+(E) + I−(E)
, (3)

where E is the electron kinetic energy. The intensity at the low binding energy
side of the Co 2p3/2 line has been subtracted as a constant background. The
asymmetry curve is obtained after scaling I− in order to coincide with I+ in
the higher binding energy side of the 2p levels, where no dichroism is expected
[29].

Intensity spectra were collected in the kinetic energy range between 440 and
485 eV. The spectra presented in this paper are reproduced with a binding
energy scale relative to the energy position of the Co 2p3/2 peak in the intensity
spectra (778 eV binding energy), fixed as zero of the energy scale. To form
the dichroic asymmetry curves shown in this paper, we have collected three
times the sequence of spectra I+ and I−. Each intensity spectrum (I+ or I−)
is counted for ∼ 3 min, giving a total counting time, in order to form an
asymmetry curve, of ∼18 min.

In the experiments, the intensity of the x-ray radiation was found to change,
especially in the first few hours after starting the source [50]. As in each in-
tensity scan the spectrum is measured from lower to higher kinetic energies,
the time-dependent variation of the intensity and some other changes of the
experimental situation during the measurement can cause the baseline of the

6



    

asymmetry spectrum to be tilted, which cannot be corrected just by simply
rescaling. Because the goal is to study the small effects in the angular depen-
dence of the magnetic dichroism, it is crucial to have a reliable criterion to
fix the baseline of the dichroic asymmetry spectra. As the time needed for
the acquisition of one dichroism spectrum is short compared to the time con-
stant of the experimental decay of the x-ray intensity [50], the baseline can be
assumed to have a linear slope. In all the reported MLDAD experiments of
Co films in this paper, the shape of the asymmetry spectra of the 2p levels is
very similar (this will be demonstrated later). Performing a more systematic
data analysis to overcome tilted baselines, a template asymmetry spectrum
template(E) was used to fit every asymmetry spectrum Asy(E). This proce-
dure will be called “template fit” in the following. The idea is to minimize the
chi-square:

χ2 =
∑

i

((Asy(Ei) − c0 · template(Ei) − c1 − c2Ei)/σi)
2 (4)

by variation of the parameters c0, c1, and c2. Here i is the index for the data
points, Ei is the respective relative binding energy of data point i in this
asymmetry spectrum, and σi is the standard deviation for each data point
from Poisson statistics, correlated to the count rate Ni by σi = 1/

√
Ni. The

parameter c0 is the scaling factor for the dichroic asymmetry spectrum with
respect to the template spectrum, c1 a constant offset of the baseline, and c2

corresponds to the slope of the tilted baseline. In this way, the baseline shape
can be systematically adjusted by the parameters c1 and c2 to the baseline
of the template curve. The corrected data points can then be obtained from
the results of Asy(Ei) − c1 − c2Ei. For the present data, c1 was always below
1%, and c2 between 0 and 0.04%/eV. The values of these two parameters
depend mainly on the stability of the x-ray light intensity. As the parameter
c0 describes the relative size of the magnetic dichroism, it can be used to study
the angular dependence of the magnetic dichroism for all spectra. As template
asymmetry curve the spectrum of a 10 ML Co film, which has a good signal-
to-noise ratio, was used in this paper. As result for the size of the asymmetry
the parameter c0 times the peak-to-peak asymmetry of the template curve
is presented. For this procedure it is assumed that the spectral shape of the
asymmetry curves does not vary. We will show in the following section that
this is indeed the case.

In our experimental geometry (Fig. 1), the angle between the photon and
photoelectron wavevectors is fixed at 450. Angular distribution spectra are
collected after a rotation of the sample around the direction of magnetization,
and presented as a function of the angle α, which is the angle between the
photoelectron emission wavevector and the surface normal (k and n, respec-
tively). In that way the relative orientation of the vectors k, q and M is fixed,
and only the photoemission direction and the light incidence direction with
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respect to the crystal lattice are varied (see Fig. 1).

3 Results

In Fig. 2 (a) Co 2p intensity spectra for the two opposite directions of magne-
tization for 5 ML Co/Cu(001) are reported. These spectra have been collected
at an emission angle α = 0, and at a sample temperature of 100 K. They
show the two spin-orbit split 2p levels, j=3

2
and j=1

2
, separated by ∼15 eV.

A broad structure centered at ∼4 eV (marked in Fig. 2 (a) with an arrow) is
also clearly visible. It presents higher intensity for magnetization down (down
triangles). The spectra reported here agree qualitatively well in terms of line-
shape and energetic position of the Co 2p lines with others obtained earlier
at the same Co thickness [19]. The 2p intensity lineshapes appear slightly
asymmetric, with the higher binding energy side of the lines enlarged, in good
agreement with the Doniach-S̆unjić-type lineshape [51].

In Fig. 2 (b) the asymmetry function is depicted after the template fit base-
line correction. The data points (open circles) are corrected with a line slope
−0.0068 + 0.00019Ei, as explained in Sec. II. The solid line is the scaled tem-
plate asymmetry spectrum. It is obvious that the template fits the spectrum
well within the experimental error bars. The asymmetry presents the typical
“plus/minus” features of the 2p lines [10,19,29]. In the case of the 2p3/2 level,
the “plus” feature is clearly visible at about −1.1 eV (A in Fig. 2 (b)), while
the “minus” feature appears as a shoulder at about 1.5 eV (B in Fig. 2 (b))
on a wide negative structure. For the 2p1/2 state the situation is reversed with
the “minus” feature centered at ∼ 14 eV and the “plus” feature at ∼ 17 eV.
The region in between the two states is negative with a superimposed feature
at ∼ 4 eV (C in Fig. 2 (b)), which reflects the difference in emission intensity
for the two magnetizations in this energy region (cf. Fig. 2 (a)). In analogy
with previous magnetic dichroism investigations using linearly polarized light
[15,29] and unpolarized light [19], we attribute the dichroic feature centered
at −1.1 eV as due to the intensity difference for emission mainly from the
mj = ±3/2 projections of the Co 2p3/2 core level.

In Fig. 3 a series of dichroic asymmetry spectra for 5 ML Co/Cu(001) at 100
K after baseline correction over an emission angle range from α = −9◦ to
α = +7.5◦ is shown. The symbols represent the measured data points after
baseline correction, the solid lines are the template spectrum scaled with a
different factor c0 for each angle. It is obvious that the template curve fits
all the spectra well within the experimental error bars. An energy shift of
“plus/minus” and “minus/plus” features related to the j = 1/2 and j = 3/2
levels as a function of α, as it was observed in Ref. [18], cannot be confirmed
from the present data within the spectral resolution. Fig. 3 shows that the size
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of the asymmetry varies strongly even when the emission angle is changed by a
very small amount about the surface normal direction (α = 0). The asymmetry
even changes its sign at α = +3◦.

Fig. 4 shows the dichroic asymmetry curves for 5 ML Co/Cu(001) at T =
300 K at the same emission angles. It is clear that the template asymmetry
spectrum again fits well every spectrum. The 300 K data exhibit a similar but
smaller variation of the asymmetry with the emission angle α as in the case
for T = 100 K.

In Fig. 5 (a) we show the angular distribution of the total intensity of the
Co 2p3/2 peak, obtained by summing up the 2p intensity spectra for the two
opposite magnetizations (I+ + I−), for 1.5, 2, 3, and 5 ML Co film thickness
at 100 K. The angular distribution shows a clear peak located at α = 0 for
the 5 ML and 3 ML films, while for 1.5 and 2 ML only weak indications
of a maximum along the sample normal are present. This shows that strong
focusing effects along the sample normal due to photoelectron diffraction are
present for the 5 ML and 3 ML films. These effects appear to be strongly
reduced for the 2 and 1.5 ML films. Fig. 5 (b) summarizes the angle dependence
of the peak-to-peak asymmetry. Shown is the parameter c0 in units of the
peak-to-peak asymmetry of the template curve as a function of the emission
angle α at various thicknesses (5, 3, 2, and 1.5 ML). The markers represent
the measurements. The lines are for guiding the eye. The angular distribution
of the experimental points corresponding to the 5 and 3 ML films exhibits an
angular modulation with an approximately sinusoidal shape. For the 2 and
1.5 ML films, even if less visible, this sinusoidal modulation is still present.
Fig. 5 (b) shows clearly that the amplitude of the modulation is reduced with
decreasing film thickness.

In Fig. 6 (a) we present the angular distribution of the total intensity of the
Co 2p3/2 peak (I+ + I−) for the 5 ML film measured at 100 K and 300 K.
The angular distribution of the 300 K measurement has still a peak located
at α = 0. However, it is much broader, and the peak at α = 0 is much less
prominent compared with the curve measured at 100 K for the same thickness,
even considering the lower photoemission intensity for this film at all emission
angles due to the 12.5% lower light intensity used (as mentioned in Sec. II),
which was not corrected in Fig. 6 (a). Fig. 6 (b) shows the corresponding
parameter c0 in units of the peak-to-peak asymmetry of the template curve as
a function of the emission angle for 5 ML at 100 and 300 K, respectively. It is
clear that the amplitude of the modulation is reduced at 300 K with respect
to that at 100 K.
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4 Discussion

Figs. 5 (b) and 6 (b) show clearly that the dichroism of 5 ML and 3 ML
Co films varies strongly around the sample normal. The 2 ML and 1.5 ML
films present less angular dependence of the dichroic signal, but nevertheless
there are still small modulations. This is surely a deviation from the atomic
description of the dichroism, as discussed in the introduction. This deviation
then must be attributed to the crystallinity of the sample, which is not in-
cluded in atomic models. In the following we will show that the modulation
of the dichroism of the Co films can be mainly interpreted as an additional
diffraction contribution to the atomic-like dichroism. Besides, the crystallinity
of the sample may manifest itself also in effects not related to photoelectron
scattering. The atomic model, described in the introduction, is valid only for
an isolated atom that is polarized along M, but has an otherwise spherically
symmetric electronic configuration. This is surely not a valid description for
atoms in a solid. There the atoms and their electronic orbitals are kept fixed
in space. In addition, a directional redistribution of the electronic states com-
pared to free atoms due to the presence of neighboring atoms may occur. In
such a case the photoelectron will probe a non-spherical potential, and as a
consequence the outgoing electron wave (direct wave) could present a small
angular dependence [52]. By varying the emission angle in our experimental
geometry, we change the direction of light incidence on the sample. The excita-
tion process depends on the angle of incidence. In particular we have to recall
that LMDAD for the atomic model involves a phase shift difference δ = δ2−δ0

between the two interfering final state channels with l = 0 and l = 2 angular
momentum (s and d waves), considering the transitions allowed by the dipole
interaction, whereby the dichroism scales with sin δ. As the emission angle and
incidence angle are changed, the matrix element for the excitation will change,
and consequently also this phase shift. However, as the core-level electrons are
very localized, and the kinetic energies for the outgoing photoelectrons are
larger than 400 eV in the present experiments, this effect is expected to be
smaller than diffraction effects.

Photoelectron diffraction in MDAD arises from the interference between the
scattered waves scattered by nearby atoms and the direct wave, as discussed
in the introduction. As the forward scattering dominates in the diffraction
at the present kinetic energies [32–34,53], it will be the main contribution to
the diffraction effects. For a more quantitative analysis of the present data,
we will now discuss the angular distribution of the dichroic signal reported in
Figs. 5 (b) and 6 (b) together with the one calculated using a simple heuristic
diatomic single-scattering model. That model has been introduced by Fanelsa
et al. [18], and later refined by Schellenberg et al. [19], to describe an MDAD
experiment using unpolarized light in a geometry equivalent to the one used
in the present investigation.
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That model predicts that in forward scattering conditions (small emission
angles) the diffraction contribution to the dichroic asymmetry A(α) for off-
normal emission is dominated by the following term

A(α) ∝| f(α) | sin[δ(α)]α, (5)

where δ(α) and f(α) give the phase shift and the scattering amplitude of the
process, respectively. As discussed in Ref.[32–34], δ(α) and f(α) are both non-
zero and slowly varying with α near forward scattering, so that equation (5)
gives a dichroic asymmetry which is antisymmetric around 0. Along the sample
normal the dichroism was found to be mainly free atom-like [19]. Considering
the photoemission process equivalent for opposite angles with respect to 0◦ is
a good approximation for small values of the angle α, as far as we can neglect
the effects due to the variation of the light incidence. From Figs. 5 (b) and 6
(b), it is seen that the dichroism exhibits an antisymmetric angular behavior
with respect to a point on the α = 0 ordinate. Therefore, our results partially
prove the simple diffraction picture.

To further test the diffraction picture in MDAD, we can discuss the thickness
dependence of MDAD. For each position in a 5 ML Co film, theoretically,
there are 1 or 2 Co atoms that scatter along the [001] direction of an fcc film,
compared to only 0 or 1 atom for 3 ML Co films, and no atom for 2 and
1.5 ML Co films. Therefore, the intensity peaks at normal emission should be
reduced with decreasing thickness, as was proven from Fig. 5 (a). As forward
scattering dominates the diffraction effects, the variation of dichroism due to
diffraction should be consequently reduced. This is represented in Fig. 5 (b)
by the decrease and broadening of the modulation in passing from thicker
to thinner films. In particular for 1.5 ML the modulation becomes strongly
reduced and broad, but is still present. For an ideal layer-by-layer grown 1.5
ML film, this can not be understood from a simple forward scattering picture.

To clarify the origin of the modulation at 2 and 1.5 ML (cf. Fig. 5 (b)),
we must consider the structure of these films with thicknesses of less than 3
ML. Many studies are present in literature on the growth of Co on Cu(001)
[37,47,44–46,48]. At small thicknesses (less than 2 ML), the Co films are found
to be composed by a significant amount of bilayer islands resulting in a strong
deviation from the ideal layer-by-layer growth [37,48]. Starting from 2 ML,
the growth mode changes and becomes more perfect layer-by-layer, but the
film still contains a certain number of voids and additional islands [37,48]. The
roughness at integral coverages is found to be confined to the uppermost layer,
and to be of the order of ±1 ML [37]. Third layer islands could thus contribute
to forward scattering events in normal emission in 2 ML film, but not for 1.5
ML, where no 3 ML height islands were found [48]. It was also reported [48,49]
that a small amount of Co atoms is intermixing with substrate atoms in the
submonolayer range (for 1 ML about 0.25 ML Co atoms [48]). There was a
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hint that these Co atoms embedded in the Cu surface act as pinning sites and
lead to heterogeneous nucleation of additional Co islands [48,49]. Intermixing
Co atoms in 1.5 ML and 2 ML Co films, therefore, would also have forward
scatterers along the sample normal. This would explain the small peaks along
the sample normal in the intensity distribution of these Co films in Fig. 5 (a).
In this way, the small modulations for the 2 ML and 1.5 ML films could be
explained in the forward scattering picture.

Of course, other effects related to the crystallinity of the sample as discussed
before may also contribute to the residual modulations at 1.5 ML and 2 ML
Co thickness. Moreover, as discussed in Refs. [32–35] and [53], at photoelec-
tron kinetic energies between 450–550 eV small effects due to non-forward
scattering could still influence the dichroic signal. Although all these effects
could be partially responsible for the angular distribution in the 1.5 ML and
2 ML Co films, we believe that they are mostly influenced by the forward
scattering from Co atoms embedded in the Cu substrate, as the small peaks
along the sample normal in the intensity distribution of 1.5 film are a hint for
forward scattering along this direction. The diffraction effects in the magnetic
dichroism are only related to the magnetic atoms, so that we can conclude
that these Co atoms embedded in the Cu substrate must be ferromagnetic,
but may have a reduced magnetic moment. This shows the power of forward
scattering as a method for a surface sensitive study in the monolayer range.

As discussed in the introduction, the film temperature affects the photoelec-
tron diffraction effects through the Debye-Waller factor [32–35]. In particular
a loss of constructive interference between the undiffracted and diffracted pho-
toelectron waves is expected for higher temperatures, that should be reflected
in a reduction of coherent scattering effects and a broadening of the angular
distribution of the intensity, and of the asymmetry. This is in good agreement
with the observed broadening of the intensity angular distribution (Fig. 6 (a)),
and with the decrease and broadening of the modulation observed in MDAD
passing from 100 K to 300 K sample temperature (see Fig. 6 (b)). This gener-
ally proves the diffraction picture in MDAD and shows that the crystallinity
effects in the 5 ML Co film are mainly diffraction effects, as other crystallinity
effects are less influenced by the temperature.

In order to compare the size of the dichroism at different thicknesses and tem-
peratures, it is very important to separate the apparent crystallinity effects
(mainly from forward scattering) from the “atomic” dichroism. Of course,
there is no real atomic dichroism in a solid, as each photoemission intensity
spectrum reveals already the electronic structure of the solid. However, we can
still use the word “atomic” to describe the dichroism which is related to the
direct wave, in order to distinguish it from the modulation by diffraction ef-
fects. As was shown above, all the measured asymmetry spectra could be fitted
well by the template curve within the error bars. This proves that diffraction
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effects do not create a new dichroism, but superimpose a modulation to the
“atomic” dichroism (atomic-like dichroism).

As discussed above, for emission along the sample normal, the atomic-like
dichroism should dominate [18,30]. Taking thus the dichroism at α = 0 as the
atomic-like dichroism, it is seen from Fig. 5 that it is reduced for decreasing
the film thickness. For example, the dichroic asymmetry at the sample normal
for 1.5 ML is (45 ± 14)% of the dichroic asymmetry for 5 ML, (2.0 ± 0.5)%
and (4.4 ± 0.3)%, respectively. Recently Schellenberg et al. [30] performed an
LMDAD experiment using unpolarized light in an Fe-based amorphous sam-
ple (Fe78Si13B9 metallic glass). They found that the atomic-like dichroism of
Fe is reduced in the metglass sample (70%) with respect to epitaxial Fe films,
and that this reduction is mostly due to the smaller Fe magnetic moment in
the metglass (86%). Within this picture the different value of the asymme-
try for the two thicknesses could be partially explained considering a smaller
magnetization in the 1.5 ML film. The Curie temperature of a 1.5 ML film is
just 130 K [37], which is very close to the temperature of the measurements
(100 K), so the remanent magnetization could be smaller by about 20% [54]
compared with that at 0 K. For 5 ML Tc is far above room temperature (850
K [37]), so the difference between 0 and 100 K is negligible. If we assume
the average magnetizations of both films at 0 K to be the same, the smaller
average magnetization of the 1.5 ML film at 100 K could be one reason for
the reduction of the “atomic” dichroism at 1.5 ML.

Also other mechanisms could be responsible for a smaller “atomic” dichroism
at 1.5 ML. Here we recall that LMDAD involves a phase shift δ = δ2 − δ0

between the two interfering final states with l = 0 and l = 2 (cf. Sec. I).
There is no reason that this phase shift has to be identical for Co atoms
in 5 and 1.5 ML films. A different phase shift could modify the atomic-like
dichroism differently in the two films, and could be one reason for the different
“atomic” dichroism at these two films. It was shown also in Ref. [19] that
there are small residual diffraction effects due to combined s− and d−channel
interference along the normal in the simple forward scattering picture. These
residual effects can be very different for films with different thickness and
for different temperatures, as forward scattering has a strong thickness- and
temperature-dependence. Moreover, other crystallinity effects connected to
non-forward scattering can be present along the sample normal, and different
for different thicknesses and temperatures. These effects could also contribute
to the decrease of the dichroism at the sample normal for the 1.5 ML film.

Let us now consider the influence of temperature on the atomic-like dichroism
of 5 ML Co. The atomic-like dichroism should be affected, at a fixed film
thickness, by variation of the temperature, if this results in a variation of
the magnetization. However, since Tc of the 5 ML Co film is far above room
temperature, the change of the average magnetization of such a film at the
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measured temperatures of 100 K and 300 K is negligible. This is reflected in
the experimental results, which show almost no reduction of the atomic-like
dichroism within the error bars at a sample temperature of 300 K with respect
to 100 K (cf. Fig. 6 (b)).

Finally we can discuss the shape of the atomic-like dichroism, which was found
to be independent from thickness and temperature. As was shown in Fig. 2
(b), there is a feature centered at ∼ 3 eV (labeled C in the figure) superim-
posed on a non-zero dichroic background in the region between the 2p3/2 and
2p1/2 lines, where no dichroism is expected [29]. In Fig. 2 (a) a feature in the
intensity spectra appears at ∼4 eV. A similar feature appears also in Fe 2p
photoemission curves in experiments with monochromatized light [29]. For this
reason it can not be due to spurious photons with higher energy, created in the
x-ray source. As discussed in Ref.[19], a similar feature in energy position and
lineshape has been attributed to a reminiscence of the localized nature of the d
electrons of cobalt, and arises due to the interaction of the valence states with
the core hole formed in the photoemission process (screening), which leads to
discrete satellites in the intensity photoemission spectra. A typical example
of this kind of satellite is the “6 eV” satellite of the Ni 2p spectrum [55,56].
A narrow d band in Ni is responsible for the formation of correlation-induced
spectral features. In a similar context the feature in the Co 2p spectrum may
be discussed. For Ni, Co, and Fe the satellites are spin-polarized and carry in-
formation about spin dependent correlations and screening processes. The spin
polarization of the many body satellites gives rise to the characteristic features
in the magnetic dichroism [19]. An indication of this feature is also found in
the LMDAD spectrum, calculated by Thole and van der Laan [57]. Obviously
for a better understanding of the influence of many body interactions on the
magnetic dichroism, spin resolved photoemission from valence bands and core
levels together with more detailed calculations for the electronic ground state
of Co would help significantly.

5 Summary and conclusions

In this paper we have reported a thickness and temperature dependent study
of the angular distribution of MDAD from ultrathin Co/Cu(001) films, using
unpolarized Mg-Kα radiation. We have shown that in the experimental ge-
ometry used in the present investigation a strong deviation from the angular
behavior of the dichroic asymmetry expected within an atomic description is
observed. That deviation is related to crystallinity effects, which are found to
be mainly governed by diffraction from forward scattering. This proves the
diffraction picture in MDAD as introduced in Refs.[18,29,30], showing that
such effects indeed play a crucial role in MDAD.
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In particular for the 5 ML and 3 ML films the dichroic signal off the sample
normal is dominated by diffraction. The diffraction effects are found to be
reduced at 3 ML Co thickness, and much reduced at 1.5 ML, when only few
atoms for forward scattering are available. The residual modulation at 2 ML
and 1.5 ML must be related to the morphology of these films. A reduction of
the diffraction contribution is observed in the 5 ML film at higher temperatures
(300 K) with respect to the one measured at 100 K. This is explained with
a loss of scattering coherence due to thermal vibrations of the solid atoms,
which affects the photoelectron intensity and reduces the modulation in the
angular distribution of the dichroic asymmetry (Debye-Waller effect).

A (45 ± 14)% reduction of the atomic-like dichroism is observed along the
sample normal when reducing the Co film thickness from 5 ML to 1.5 ML.
This is discussed in connection with thermal effects near the Curie temperature
of 1.5 ML, which decrease the magnetization in the 1.5 ML film. At 5 ML the
atomic-like dichroism is almost unaffected by temperature variation from 300
K to 100 K. This is consistent with an unchanged magnetization of 5 ML at
100 K and 300 K due to the much higher Curie temperature.

The atomic-like dichroism in between the 2p3/2 and 2p1/2 lines is strongly
structured showing that many body interaction effects play an important role
in the shape of Co core level spectra.
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Fig. 1. Sketch of the experimental geometry showing the direction of the sample
magnetization M along the [010] or [010] crystallographic direction, the photon
and photoelectron wavevectors (q and k, respectively), and the light electric field
components. The angle between q and k is kept fixed at 45◦. The rotation axis of
the sample is along the direction of magnetization. Rotating the sample we vary the
emission angle α between the surface normal n and the photoelectron wavevector
k.

Fig. 2. (a) Co 2p intensity spectra collected in the experimental geometry indicated
in Fig. 1, for magnetization positive (along [010], upward triangles) and negative
(along [010], downward triangles). The film is 5 ML Co/Cu(001), grown at room
temperature. The sample temperature was 100 K, and the emission angle α = 0.
The energy scale is the binding energy relative to the Co 2p3/2 intensity peak, fixed
as zero of the energy scale. The arrow marks the position of a correlation induced
satellite. (b) Dichroic asymmetry calculated from the photoemission intensity curves
of (a). The data points (circles) are shown base-line corrected, the solid line is
the scaled template asymmetry spectrum. Features A and B indicate the “plus”
and “minus” features of the Co 2p3/2 dichroism, respectively. Feature C marks the
position of a correlation-induced satellite.

Fig. 3. Dichroic asymmetry curves after correction of the baseline (filled circles)
for a 5 ML Co/Cu(001) film at the emission angles α indicated on the right hand
side, measured at 100 K temperature. The solid lines are the template curves scaled
with a constant parameter at each angle. The asymmetry scale is in percent, and is
reported in the upper left side of the figure as reference. The curves are horizontally
offset for clarity. The horizontal lines indicate zero asymmetry for each curve.

Fig. 4. As Fig. 3, but for a temperature of 300 K.

Fig. 5. (a) Angular distribution of the intensity of the Co 2p3/2 photoemission
peak for 1.5 ML (solid circles), 2 ML (open squares), 3 ML (solid squares), and 5
ML Co films (open circles) at 100 K. For clarity the angular distribution of the 2
ML and 3 ML films have been shifted along the vertical axis by 2·105 and 2.5·105

counts, respectively. All data points have been acquired under identical experimental
conditions. (b) Angular distribution of the Co 2p3/2 peak-to-peak asymmetry for
1.5 ML (solid circles), 2 ML (open squares), 3 ML (solid squares), and 5 ML Co
films (open circles) at 100 K. The lines are for guiding the eye.

Fig. 6. (a) Angular distribution of the intensity of the Co 2p3/2 photoemission peak
for 5 ML Co at 300 K (open circles) and 100 K (solid circles). The data points at
300 K have been collected with a 12.5% lower power of the x-ray source. (b) Angular
distribution of the Co 2p3/2 peak-to-peak asymmetry for 5 ML Co at 300 K (open
circles) and 100 K (solid circles). The lines are for guiding the eye.
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