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Abstract. We present investigations of the electronic and magnetic structure of the Rare Earth valence
states. In particular, we have examined ultra thin films (< 10 ML) of the rare earth metals gadolinium and
neodymium epitaxially grown on tungsten (110). Various experiments on dichroism in angular resolved
photoemission have been performed using circularly as well as linearly polarised light in the VUV-range
with photon energies below 40 eV. A special emphasis was placed on the investigation of the surface state,
which was observed for both Gd and Nd. A very small magnetic splitting of about 25 meV was observed for
the surface state of ferromagnetic Gd. A magnetic ordering of a Nd-monolayer on a remanently magnetised
Fe-film is observed. Large dichroism effects are found for the surface state as well as the valence bands
of paramagnetic Nd. In the latter case, these are used to determine the dispersion of the valence bands.
Different numerical approaches are presented, one based on atomic photoionisation theory, another is
based on a one-step model of solid state photoemission. Atomic photoionisation theory is used together
with three-step calculations to explain the non-magnetic circular dichroism observed in the Gd 4 f emission.
The capability of dichroism experiments for resolving details of the electronic structure and for sensitive
tests of photoemission calculations is demonstrated.

PACS. 79.60.-i Photoemission and photoelectron spectra — 78.66.-w Optical properties of specific thin

films, surfaces, and low-dimensional structures

1 Introduction

The Rare Earth metals and their compounds have stim-
ulated a lot of scientific work due to their very inter-
esting and unique chemical and physical properties [1].
Electronic and magnetic correlation effects [2] are of spe-
cial interest in work on these materials. The interaction
of the localised 4 f-moments with the valence bands leads
to strong magnetism and complicated anti-ferromagnetic
spin structures (e.g. for Nd [3]).

These elements are thus interesting model systems for
experiments on dichroism in the angular distribution of
photoelectrons. In such an experiment one measures the
difference of the differential cross-sections for either excit-
ing with different polarisation of the photons (e.g. right
and left circularly polarised) or for the excitation with
fixed polarisation from initial states with different orienta-
tion (e.g. magnetisation +M and —M). First experiments
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of this kind have been performed using circularly po-
larised synchrotron radiation by Schonhense et al. for non-
magnetic adsorbates and surfaces [4]. This effect (Circular
Dichroism in the Angular Distribution of Photoelectrons,
CDAD) was predicted theoretically to appear in emission
from molecules by Ritchie [5]. Feder has shown for ad-
sorbates that such asymmetries are a spin-independent
phenomenon [6]. Later, it was shown by Parzynsky [7]
for atoms and by Cherepkov [8,9] for molecules that the
CDAD is an effect arising in pure dipole approximation
if the system under investigation is oriented or aligned.
Baumgarten et al. performed first experiments on fer-
romagunets [10] (Circular Magnetic Dichroism in..., CM-
DAD). The dichroism is sensitive to structure and sym-
metry properties, because an alignment or orientation is
necessary to observe any effect [4,11,12]. Large CMDAD
effects were found by Starke et al. for the 4 f-states of Gd,
Tb, and TbFe in the soft X-ray range [13]. The usefulness
of magnetic dichroism experiments for the investigation
of surface magnetism was also shown [13,14]. Magnetic
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Table 1. The dichroism-family: various experiments on dichro-
ism in the angular distribution of photoelectrons are possible.
The labels follow the suggestions by Venus [18]. M*®*p.En
are the vectors of the magnetisation (see Fig. 1) and S;
are the Stokes-parameters describing the polarisation of the
photons. (The notation of the Stokes parameters is: Sy :=
Intensity, S1 := linearly polarised (s := ey or p = &z);
S := linearly polarised (RLP := e, + ¢y or LLP := €, — &);
S3 := circularly polarised (RCP := ot i=e, + iey or LCP :=
07 =&y — igy). €,y are the electric field components for nor-
mal incidence.)

switched fixed

LDAD Si;s2p

S;; RLP 2> LLP geometry
CDAD S3; RCP > LCP
SCDAD S;; RCP 2> LCP | spin of the photoelectron
MCDAD S3; RCP > LCP geometry and
MLDAD Si;s2p magnetisation

S;; RLP > LLP M*, M*, M*"
CMDAD Ss 2 RCP or LCP
LMDAD M*s, M*P, M*" Si 2 s - or p - polarised

S; > RLPor LLP

UMDAD unpolarized light

dichroism in the angular resolved photoemission with lin-
early polarised light MLDAD was first observed by Roth
et al. for Fe core levels and valence bands [15]. Even unpo-
larised light can be utilised for MDAD experiments [16].
The magnetic linear and circular dichroism in emission
from valence bands was studied analytically by Henk
et al. [17]. In general, the various possible experiments on
dichroism in photoemission form a large family as shown
in Table 1. They can be classified according to the ori-
entation or alignment of either the photons or the elec-
tronic states under investigation (see also [18]). The first
group is characterised by a fixed alignment of the states,
but no alignment is necessary to observe LDAD. For com-
pleteness we included the effect with fixed spin being a
consequence of spin polarisation effects observed in pho-
toionisation of atoms [9,19] and solids [6]. The second
group is characterised by a fixed orientation of the states.
In principle this must not be ferromagnetic effects, an ori-
entation can also be induced by external fields like in ex-
periments on the Zeeman effect. The third group differs
from the first two, because here the orientation is changed
rather than the photon polarisation. Common to the ef-
fects from oriented states is, that they can be observed
not only in the angular distribution, but also in the total
cross-section, if the UMDAD is excluded. It is worthwhile
to note that the particular geometry of each of the exper-
iments is very important.
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Thole and van der Laan have given theoretical models
for spin dependent and dichroic effects in emission from
core-level including many-particle effects [20]. Cherepkov
et al. developed a general formalism for the dichroism in
(atomic) photoemission [21]. This formalism utilises the
state-multipoles instead of density matrix formalism [22]
to describe the polarisation (orientation and/or align-
ment) of the electronic states. This theory has already
been applied successfully on the magnetic dichroism from
core-levels [23], although it is an atomic theory. All such
atomic like models can be easily implemented in a three-
step photoemission model. Photoelectron diffraction can
be included additionally as described by Fecher et al.
[24,25]. The 4 f-states exhibit binding energies in the range
of the valence band states, but their strongly localised na-
ture makes the use of an atomic model feasible. In this
work we will put an additional emphasis on the pho-
toemission from the d,» surface state, which also has a
strong atomic character. We will therefore show how far
the atomic model can be used to describe at least qualita-
tively the magnetic and electronic properties of the solid
surfaces that are under investigation here.

We also present results from calculations done with a
one-step photoemission program developed by Braun [26],
Borstel, and co-workers [27]. This program calculates
the photoemission from Bloch-wave initial states using a
Greens-function method including spin-orbit-interaction.
The final states used in these calculations correspond to
time-reversed-LEED states. Compared to an usual LEED-
state, here the source is replaced by the detector and all
vectors corresponding to group velocities of the electron
wave field are reversed.

The paper is organised as follows. First we give a de-
scription of the experimental setup and the procedure how
to obtain clean and well ordered surfaces being essential
for the examination of all dichroic measurements. The sec-
tion on the results and discussion starts with an overview
on the observed spectra being followed by the results of
the dichroic measurements and their comparison to theo-
retical models. We begin that section with the discussion
of the cross-section of the surface state being one of the
outstanding features of the RE(0001) surfaces. Every the-
oretical description or calculation has to reproduce first
the measured intensity, a fact that is most often neglected
in comparison between models and experiments on dichro-
ism. The part on the dichroic measurements is than subdi-
vided in such including magnetic or non-magnetic effects.

2 Experimental

The setup of the experiment is schematically drawn in
Figure 1: Photons in the energy range from 5 eV to 38 eV
were provided by the 6.5m-NI monochromator [28] at the
storage ring BESSY in Berlin. Right and left circularly
polarised light with a degree of polarisation Pg.. > 90%
is accepted 1 mrad above or below the storage ring plane,
and linearly polarised (p-polarised) light in the plane. The
light impinges within the z-z-plane at an angle of about
45° with respect to the surface normal (i.e. the z-axis).
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Fig. 1. Setup of the experiment at the 6.5 m normal incidence monochromator at BESSY I (Berlin). The lower right part shows
the plane of photon incidence together with the directions of sample magnetisation. M** %P are the possible in-plane components
of the magnetisation. (The magnetisation M *n parallel to the surface is not shown here.) The angle of light incidence was fixed
at about 45° as indicated in the upper part, the observation angle 9 was variable.

The photoelectrons are detected at an observation angle
¥ (measured with respect to the surface normal) in the
z-y-plane perpendicular to the plane of light inci-
dence. The electron energy analyser is of the simulated-
hemispherical type with a mean radius of 50 mm. The
observation angle ¥ can be varied by a rotation of the spec-
trometer around the z-axis as described in [29]. The en-
trance lens system has an angular acceptance better than
1° FWHM. A 90°-deflector similar to the spectrometer
guides the electrons back onto the rotational axis, where
they are detected by means of a channeltron. The energy
resolution of the complete setup (spectrometer and pho-
ton source) used in most of the measurements was about
150 meV as determined from the width of the Fermi-edge
of photoelectron spectra.

The W(110) single crystal was mounted on a z-y-z-
manipulator with rotation around the y and the z-axis
(for co-ordinates see Fig. 1). Liquid nitrogen was used to
cool the sample to temperatures of about 110 K. The sam-
ple holder was equipped with a pair of coils for magneti-
sation. These coils had a fixed orientation in y-direction
being parallel to the W[110]-direction. The structure and
the orientation of the sample surfaces was monitored with
LEED.

Great care was taken to keep the UHV-system at a
base pressure in the low 107! mbar range, what is a neces-
sary condition for the successful preparation of clean and
stable rare earth films. The UHV-system was equipped
with a 1500 1/s cryopump additional to a 330 1/s turbo-
molecular-pump, a 230 1/s ion getter pump, and a Ti-
sublimation pump with a INs-cooled baffle.

The tungsten substrate was cleaned by flashing to
2000-2300 K. After a larger number of preparation cy-
cles, a beginning contamination with carbon segregating

from the bulk could be found, as indicated by charac-
teristic superstructure spots in the LEED-patterns. The
C-depletion of the tungsten surface was re-established by
heating in O with subsequent flash. In one case, a thin Fe-
film grown on the W(110)-crystal served as a remanently
magnetiseable substrate for a Nd monolayer (¢f. [30] and
references therein).

The Rare Earth materials were evaporated from a
molybdenum crucible by means of an electron beam
heated evaporator. Crucible and filament are surrounded
by a water-cooled copper shroud which opens into a col-
limator pipe. The collimator contains an ionisation-gauge
like flux monitor (being calibrated by a quartz balance),
which allows the reproducible control of growth rates. The
film thickness was cross-checked by measuring the inten-
sity of characteristic Auger-lines and MEED-oscillations
of the adsorbate wversus growth time. The crucible was
thoroughly degassed prior to loading. The fresh load was
melted and degassed in a separate chamber. The evap-
orator was degassed again after bake-out of the UHV-
chamber in order to remove the oxidised surface of the
material in the crucible.

Gd and Nd both form hexagonal closed packed crys-
tals (dhep in the case of Nd) [31]. The direction of growth
on the W(110)-surface is along the c-axis ([0001], see
e.g. [32]). The Rare Earth metals were evaporated on the
freshly cleaned substrate. Best results were obtained keep-
ing the substrate at about 100 K during evaporation, with
subsequent annealing to 900-1050 K. We observed layer-
by-layer growth for the first 2 to 3 monolayers accord-
ing to [32], monitored by the characteristic edges in the
course of the Auger intensities and oscillations observed
by MEED. The LEED pattern from 1 ML Gd/W(110) still
shows strong W(110)-spots together with a superstructure
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Fig. 2. Crystalline structure of the Gd films. The left part shows LEED patterns taken at 100 eV electron energy after annealing
of the films. In the upper part a superstructure with a large period is visible and the W(110)-spots are still dominating at 1 ML.
The lower part shows the hexagonal Gd-surface at 5 ML, but a weak superstructure is still visible due to island formation
hinting that the Gd(0001) lattice constant is still enlarged by 4% compared to the bulk value. The right part shows the lattice
parameter with growing film thickness, the thick film limit is reached at above 10 ML corresponding to about 28.9 A assuming

the bulk lattice parameters.

with high-order coincidence (upper left part of Fig. 2). The
lateral lattice constant of the adsorbate decreased with in-
creasing film thickness, approaching the bulk value for a
thickness above 10 ML (corresponding to about 28.9 A
if the bulk c-parameter is used) as is shown in the right
part of Figure 2. The LEED-pattern of 5 ML Gd/W(110)
(lower left part of Fig. 2) shows mainly a hexagonal pat-
tern, with the lattice constant being still enlarged by
about 5% compared to the bulk value. The substrate-
induced LEED spots are weakened, but still visible. This
hints on an island growth mode above 2-3 ML (Stranski-
Krastanov-mode), but possibly one can have also a layer
by layer growth mode (Frank-van der Merve-mode) with
high defect density being closer to Vollmer-Weber-mode.
Careful annealing to about 1000 K led to closed hexagonal
surfaces with clear LEED-patterns, that is the surface is
smoothened in domains being in size at least as wide as the
transfer width of LEED. These observations are in agree-
ment to LEED-IV analysis reported by Giergel et al. [33]
as well as scanning tunnelling microscopy [34] and spec-
troscopy [35] investigations of thin Gd films on W(110).
It is interesting to note that films grown at room temper-
ature showed a different behaviour. All findings had been
similar to that observed for 100 K, but with XPS we de-
tected after annealing an increase of the W lines and in
case of films with thickness of about 5 layer and below
LEED showed a re-appearence of the W-spots. As far as
we did not observe a decrease of any of the rare earth XPS
lines, one has to assume a clustering of the films accom-
panied by uncovering parts of the substrate.

The 10 ML films, as used most often throughout this
work, show always the pure hexagonal LEED pattern as
reported for bulk materials (see [36] and references there).
The quality and cleanness of the films was indicated by
the occurrence of the sharp and strong peak in the photo-
electron spectra assigned to the surface state. The upper
part of Figure 3 shows a spectrum taken from Gd(0001)
in normal emission at 32 eV photon energy. The emission
from the 4f states and from the surface state is clearly
visible. No structures are present around 6 eV and 4 eV
below the Fermi-level, indicating that the film is free from
oxygen or hydrogen contamination. The binding energies
in these and all following spectra are always given with re-
spect to the Fermi-energy ep. The lower part of Figure 3
shows a pair of spectra from Nd, taken before and after
annealing. All structures are substantially sharpened af-
ter annealing according to the increased structural quality.
The 4 f-derived peak has lower intensity on the low energy
side. This was also observed in XPS spectra (not shown
here) and indicates a reduction of the number of different
lattice sites due to closing of gaps in the film by anneal-
ing. In particular, for both materials the surface state is
clearly visible and can be used as a monitor for the good
quality of the films.

3 Results and discussion

Our measurements have been done in the range of pho-
ton energies from 12 eV to 38 eV. We will first have a
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Fig. 3. Upper part: UPS from 10 ML Gd/W(110). The d_2 sur-
face state just below the Fermi-energy is very sharp and dom-
inates the spectrum. Lower part: UPS from 10ML Nd/W(110)
before/after annealing. Note that the surface state and valence
band emission peaks are sharpened after annealing. The 4f-
derived peak has lower intensity at the low kinetic energy side.
(The binding energies in these and all following spectra are
given with respect to the Fermi-energy.).

look on the general shape of the UPS-spectra at those
photon energies. Figure 4 shows series of spectra from Nd
(left panel) and Gd (right panel), taken in normal emis-
sion at an angle of light incidence of 50°. The Gd-spectra
were taken with linearly (p) polarised light, whereas for
Nd the sum intensities for excitation with right and left
circularly polarised light are given, corresponding to quasi
unpolarised light with a small p-component.

The main feature in both series of spectra is a
sharp, dispersionless structure just below the Fermi-en-
ergy, which can be assigned to emission from the 5d,2
surface state. In contrast, the 4 f-derived structures are
rather weak and clearly visible only at photon energies
above roughly 25 eV. The peak maxima were found at
binding energies of Fg = —4.9 £ 0.1 eV for Nd and
Ep = —8.5+0.1 eV for Gd. The comparison with values
given in the literature [37] shows, that one has a dominant
contribution from surface-core-level-shifted states. Only
weak and broad structures arise from valence band pho-
toemission. Those bands have predominant d-character,
but they are as usual filled by delocalised electrons, that
are the two 6s and one of the 4f (5d in case of Gd) elec-
trons of the free atom being “ionised” to RE*' in the
metal. The valence bands are hardly distinguishable from
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Fig. 4. Upper part: series of UPS-spectra depending on the
photon energy from 10ML thick films of Nd(0001) at the left
and Gd(0001) on the right. (Gd: p-polarised light, Nd: nom-
inally unpolarised light, I = I®“F 4+ VP All spectra are
taken in normal emission. Lower part: dispersion of the ob-
served states and bands. The normal emission direction is par-
allel to [0001] and corresponds to the A-direction of the bulk
Brillouin-zone.

the secondaries in the case of Gd, where in turn the surface
state is much more pronounced. In contrast, we found in
the case of Nd a stronger emission from the valence band
compared to the surface state. Comparing Gd and Nd sin-
gle atoms, one finds that only Gd has an occupied 5d state.
Obviously the probability for the occupation of the 5d,2
surface state is much higher in this case.

The valence bands are clearly visible for Nd. In princi-
ple, a band-mapping along the A-direction of the hexag-
onal Brillouin zone is thus possible. The dispersion of the
clearly distinguishable states with photon energy is shown
in the lower part of Figure 4. A complete k-mapping
needs the final state bands that are only for Gd at low
energies available. On the other hand, band structure cal-
culations [38,39] exhibit a huge number of narrow lying
occupied as well as unoccupied bands, so that an unam-
biguous assignment of initial and final state bands (and
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Fig. 5. Dependence of photoemission intensities from the surface states of Gd and Nd on the photon energy, compared with
calculations within an one-step-model of solid-state photoemission (right panel) and for atomic photoionisation (left panel).

thus the determination of the location of the transition in
k-space) is nearly impossible at the present stage.

The Gd-spectra for lower photon energies exhibit two
dispersionless features at Eg = —3.9+ 0.1 ¢V and Eg =
—5.7 £ 0.2 eV that point on hydrogen adsorption from
the residual gas [40]. A polarisation dependent analysis of
the H induced states on thin Gd films was recently given
by Getzlaff et al. [41]. Here, it was accidentally produced
by using the Ti-sublimator. This is a small and negligible
contamination, since the surface state is not affected. The
hydrogen induced states can be removed without chang-
ing any other of the observed states by a slight anneal to
700 K. By exposing the Gd film to 2L Hs, we found that
at such low exposure neither the width nor the height of
the surface state is influenced, even so the height of the
H, induced state was half of the surface state intensity.
Therefore, we conclude that the hydrogen is absorbed by
the bulk rather than sitting on top of the surface, at least
in the low exposure range. This hypothesis is enforced by
the fact, that the same amount of oxygen suppresses the
surface state completely, as we have proven in our exper-
iments. All dichroism measurements reported below have
been made on H and O free surfaces.

3.1 VUV-photoemission cross sections of the surface
state

The most striking feature of both series of spectra is the
strong dependence of the cross-section of the surface state
photoemission on the photon energy. The intensities are
taken from the peak maxima after comparing the sec-
ondary electron background and normalisation to the pho-
ton intensity. They are shown in Figure 5 for both species,
scaled to the value at hv = 13 eV. Both data sets show
a minimum at hvy = 20 + 1 eV. A resonance-like maxi-
mum at 32 eV + 1 eV was found in the case of Gd, where
data were taken up to 38 eV. The error in the intensities
is mostly determined by the normalisation of the spectra,
but the general course was equal in any case. It can not

be explained by the monochromator characteristics [28]
that was taken carefully into account (please note that
the monochromator has a maximum at energies where we
observe a minimum in intensity).

In order to explain the experimental findings, we per-
formed calculations for the photoemission from the surface
state. The results are compared with the experimental
data in Figure 5. The left panel shows results from cal-
culations of the atomic photoionisation, and in the right
panel the result from a one-step solid state photoemis-
sion calculation is given. The program used in the latter
case contains a description of the surface potential bar-
rier after Malmstrom and Rundgren [42]. It gives only
the direct photoemission into a “time-reversed-LEED” fi-
nal state, but does not regard secondary excitations like
Auger-electrons, autoionisation, and other inelastic scat-
tering processes. The result shows a monotone decrease of
the cross-sections from lower to higher photon energies, as
one would expect for a d-state. The minimum at 20 eV and
the maximum at 32 eV are not reproduced. Similar d,2
surface states were also found in calculations for several
other (0001)-surfaces of transitions metals, thus seeming
to be a common feature of hep(0001) metal surfaces.

Performing calculations of the electronic density of
states, Wu et al. [43] found a charge distribution at the
surface of Gd, that has the shape of an atomic d,2-state
with some distortion arising from a shift of the charge
density into the surface (Fig. 5 in [43]). This charge dis-
tribution can be described more exactly by an expansion
in terms of Yjp-functions, leading in the simplest case to a
distribution of the kind v/1 — zd,> + v/ f,3, with x being
the (small) amount of the spherical harmonic with higher
orbital angular momentum. These findings motivated us
to treat the surface state in a first approximation as an
atomic bd-state. Thus it was possible to apply the gen-
eral formalism for angular resolved photoemission (and
dichroism in photoemission) developed by Cherepkov and
co-workers [21]. Additionally, this atomic model has the
advantage that secondary effects like autoionisation can
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be included. This feature is not yet available for the one-
step calculations.

The dashed line in the left panel was calculated for
a single atom in pure Hartree-Fock approximation for
the transition 5d — ef. A monotone decrease of the
cross-sections was found as for the one-step calculation.
The result is completely different, if one includes au-
toionisation: The solid line shows a calculation includ-
ing an autoionisation-resonance of the type 5p5d* —
5p°5d? — 5pS5d°. The electronic correlation is modelled
within the Random Phase Approximation with Exchange
(RPAE) [44]. This leads to a very strong resonant feature
at hv = 28.5 eV, and to a minimum of the cross-sections
that qualitatively corresponds to the minimum observed
in the experiments. A similar resonance mechanism was
proposed by LaGraffe and Dowben et al. [37], who ob-
served the photoemission from Gd(0001) from hv = 20 eV
to 50 eV. They observed a maximum of the photoelectron
intensities from the valence band below the Fermi-energy
at about 33 eV photon energy. The surface state was not
clearly resolved in that work. A similar resonant behaviour
for the surface state of Th(0001) was reported by Wu
et al. [39] with the maximum at hy = 36 £ 2 eV.

The one-step calculation exhibits some modulation of
the monotone decrease of the intensity, that is not found in
the case of the Hartree-Fock calculation. A three-step cal-
culation including photoelectron diffraction as described
in [24], but not including the resonance, showed the same
features. These are thus most likely due to photoelectron
diffraction.

3.2 Magpnetic dichroism in the angular distribution
of photoelectrons

We will give some case studies out of the large family of
dichroism experiments in angular resolved photoemission,
starting with magnetic effects.

3.2.1 CMDAD from Nd/Fe/W(110)

Figure 6 shows results of the magnetic dichroism with cir-
cularly polarised light (CMDAD) from a disordered mono-
layer of Nd on a thin Fe-film (10 layer) grown on W(110).
Fe was chosen as a remanently magnetiseable substrate,
and Nd is paramagnetic at room temperature. Figure 6
shows pairs of spectra from Nd/Fe/W(110) taken with
the magnetisation M** (perpendicular to the plane of
light incidence and parallel to the sample surface, see also
Fig. 1). The spectra in the left and the right panel were
taken with LCP and RCP light, respectively. Addition-
ally, the corresponding difference spectra I+ — M~ are
shown. The observation angle was ¥ = 30°. The dominant
structure in the spectra is the emission from the Nd 4f
state at By = —4.74+0.1 eV. The weaker features just be-
low the Fermi-energy are most likely due to emission from
the iron d-bands. The iron d-band emission appeared to
be strongly damped compared to clean Fe, indicating an
unusual low mean free path for the electrons penetrating
the Nd-monolayer. No dichroism can be distinguished for
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Fig. 6. CMDAD from 1 ML Nd on a remanently magnetised
Fe-layer on W(110). Excitation with LCP (left panel) and RCP
(right panel) light. The intensities for M *2 and the correspond-
ing intensity differences are shown. An intensity asymmetry in
the 4 f-emission that changes its sign upon changing the helic-
ity of the light is clearly visible, indicating an orientation of the
Nd 4f-states in the magnetic field of the substrate. The right
part shows additionally the total intensity for unpolarised light
and paramagnetic sample. The lines calculated with Cowans
program [45] are broadened by the experimental resolution.

the Fe d-bands (cf., e.g. [30]) due to the low intensity. In
contrast, the Nd 4 f emission shows a clear dependence on
the orientation of the magnetisation. The photon energy
is not exactly the same for both panels, but the difference
is too small to affect the photoemission parameters. The
effect changes its sign upon changing the sign of the he-
licity of the light. The effect is not exactly anti-symmetric
with respect to the reversal of the polarisation of the light.
This is expected from the theory for the case of combined
CDAD and CMDAD.

The right part of Figure 6 shows additionally the par-
tial cross-section as calculated by Cowan’s program [45].
The final-state fine-structure of the Nd 4 f-peak [46] be-
longing to the 3F and 3H final ionic states was not re-
solved, also a fine-structure in the dichroism spectrum
could not be found for the experimental parameters used
here. This is mainly due to the observation from an disor-
dered overlayer.

The CMDAD reveals an orientation of the Nd 4 f-
states in the magnetic field of the substrate, which is re-
versed by changing the sign of the magnetisation. That
means that a ferromagnetic order is induced within the Nd
adlayer. If an anti-ferromagnetic order were present within
the Nd layer, the reversal of the magnetisation would give
no observable macroscopic effect: Consider Nd*T with a
419/2 ground state. Using the notation |.J, M) one has in
the ferromagnetic case |9/2, —9/2) for magnetisation M+
and |9/2,9/2) for M~. In the anti-ferromagnetic case one
has always both states |J, My) = |9/2,£9/2) equally oc-
cupied, and the alignment of the states is not changed by
reversing the substrate magnetisation. This approach will
not change using the multiplets of the final ionic states.
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The matter will become more complicated, if states with
|Mj| # J are occupied depending on the temperature.
Furthermore, the question whether the orientation of the
magnetic order in the Nd layer is parallel or antiparallel
with respect to the magnetisation of the Fe layer cannot
be answered here directly. But, an antiparallel coupling
follows from the spin-dependent photoemission results re-
ported by Carbonne et al. [47].

The photoelectrons excited with circularly polarised
light are spin polarised in general. Thus the observed in-
tensity differences could also be induced by a spin depen-
dent reflection of the photoelectrons at the ferromagnetic
substrate. But this contribution to the photo current can
be neglected here because of the short mean free path of
the electrons in the Nd layer, as was already mentioned:
the signal from the iron d-bands is almost completely
quenched.

3.2.2 LMDAD from the Gd 4f-state

Here we present results for LMDAD from Gd in the VUV-
range. The general shape of the photoelectron spectra
for the excitation with photon energies below 40 eV was
shown above (Fig. 4). A substantial cross-section for the
4 f-emission was found only for hv > 25 eV. Figure 7
shows spectra from the Gd 4 f-state taken with p-polarised
light at hy = 32 eV (for geometry see Fig. 1). Each panel
shows a pair of spectra for magnetisation up and down
together with the difference spectrum, i.e. the LMDAD.
Two different orientations of the sample magnetisation
have been investigated, namely perpendicular (M**, up-
per panel) and parallel (M*P, lower panels) to the plane
of light incidence. (The coils were fixed to the rotatable
sample holder, so that the orientation of the magnetisa-
tion was always parallel to the W[110]-direction, that cor-
responds to the X direction of the Gd(0001) surface Bril-
louin zone.) The photoelectrons were detected in normal
e mission in the case of M**, whereas for M*P the obser-
vation angle was +15° with respect to the surface normal.

In all cases, the difference spectra exhibit a small, but
clear effect with a change of sign at a binding energy near
the peak centre. The lower panels show the reversion of
the sign of the effect, if the sign of the observation an-
gle is changed. According to the excitation from a 85, /2
ground state into a multiplet of "F final states, one has
to deconvolute the observed 4f-peak into a 7-fold mul-
tiplet (strictly speaking into two multiplets: one for the
bulk contribution, and one with surface-core-level-shift,
which is dominant here) [13]. In Table 2 we have given
the binding energies of the multiplet for LS and jj cou-
pling as calculated using Cowan’s program [45]. This fine
structure could not be resolved here. The splitting of two
neighbouring lines is expected from the calculations to
amount to about 100 meV. Taking into account a lifetime
broadening [48] it will be hard to resolve the structure,
even using higher resolution. On the other hand we will
show below that CDAD measurements hint clearly that we
observe only the surface contribution, whereas the bulk
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Fig. 7. LMDAD from the Gd 4 f-multiplet for M** (upper left
panel) and M*P (lower panels). A LMDAD in normal emis-
sion was found for M**, whereas for M*? off-normal emission
is necessary, as was expected from the theory. The tempera-
ture of the 10 ML thick film was 110 + 10 K. The upper right
part shows the total cross section of the ionic final state " Fy
multiplet for unpolarised light as calculated using Cowans pro-
gram [45]. The lines are convoluted by Gausians accounting for
lifetime broadening and the experimental resolution.

contribution is completely suppressed at the particular
photon energy used in this study.

A complete calculation for the LMDAD from the Gd
4 f-state in terms of the atomic model shown above will be
rather complicated (compared to, e.g., the case of Fe-core-
levels [23]), because the 4f-shell is only partially filled.
Nevertheless, the angular distribution is mainly described
by the single electron equations taking into account the
appropriate coupling case (for details of such calculations,
see Thole, v.d.Laan et al. [20,49]). One has to calcu-
late the partition numbers n(j,m;) giving the probabil-
ity that a state |j,m;) contributes to the emission into
a final 25+ L ; multiplet or its jj coupled correspondent,
and weight the single electron intensities by the partition
numbers as given in Table 2. To get some basic symme-
try conditions, one can consider the general equation (17)
from [21] which, for our specific geometry (k L n) and
neglecting the state multipoles higher than p%, can be
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Table 2. Relative binding energies (E},) of the ionic final state “Fy multiplet and single electron partition numbers n(m) for
emission from the Gd-4f state. The upper part is for jj and the lower part for LS coupling. The partition numbers n,, are given
for My with respect to the magnetisation. For arbitrary magnetisation one has to take a rotation of the single particle states
into account, what can be established by use of Wigner rotational matrices. In the paramagnetic phase all partition numbers
are equal for a given [ or j because their is no preferential z-direction, they are given as N. The relative binding energies

Ey, = Ej — E4y have been calculated using Cowan’s program
the observed multiplet and therefore omitted.

[45]. The binding energy of the (7/2,7/2)7 line is far outside of

8872 = (112,j)1 n(m;) if My=J AEy ('Fy)
m= | 72| S| 3|1 2| 32| s | N v

=7 j—_—7/2 1 12 3/13 5/52 5/143 | 3/286 | 1/429 | 1/3432 | 15/8
6 12 12 15/44 2/11 5/66 1/44 17264 | 13/8 -0.286
5 726 | 21/52 | 14/39 | 35/156 | 5/52 7/312 | 11/8 -0.097
4 7/44 7722 15/44 5122 7/88 9/8 0.37
3 7/66 |35/132 | 7/22 | 491264 7/8 0.188
2 1712 1/4 7124 5/8 0.324
1 1712 724 3/8 0.433
0 1/8 1/8 0.497

J= j=5/2 1 5/12 5/33 1722 1/99 1/792 13/6 -0.286
5 712 715 7/30 7/90 1/72 11/6 -0.097
4 21/55 |189/440) 27/110 | 3/44 372 0.37
3 7124 778 7/36 76 0.188
2 5118 | 25/72 5/6 0.324
1 3/8 12 0.433
Sy =", n(m)) if My=-J

=3 | me | 3 | 2| a0 1] 2]3

J=6 =3 7/8 716 | 35/176 | 7/88 | 7/264 | 7/1056 | 1/1056 1377 -0.301
5 716 716 724 7/48 5/96 1/96 11/7 -0.098
4 21/88 [ 63/176 | 27/88 | 15/88 | 9/176 9/7 0.070
3 7/48 7124 7/24 7/48 1 0.205
2 5/48 25/96 | 25/96 517 0.270
1 3/32 9/32 3/7 0.373
0 1/8 17 0.407

rewritten as
IJI.JI\/IDAD(k7 n) =I;(k,n) — I;(k,—n)

%Sianlj(w)(k -e)(e- [k xn])

n j ]‘ n j \/E ]
X lP:soC%m + 5P30 <C§23 - Cé43>] - (1)

2
The vectors k, n, and e are the unity vectors for the di-
rections of electron momentum, magnetisation and pho-
ton polarisation. Consider first the case of M*P, i.e. n
lies in the plane of light incidence and ¥ = 0, so that
all three vectors k, n, and e are coplanar. Then the
product (e - [k x mn]) is equal to zero. That means
TPMDAD () is only observable at a finite observation
angle 9. I"™MDPAD £ () gnd normal emission (¥ = 0°) is

possible in contrast for M**. These conditions are fulfilled

by our experimental results.

3.2.3 LMDAD from the Gd surface state

The large cross-section of the surface state allows a di-
rect spectroscopic access to the magnetic properties of
the surface, as it was shown with spin-resolved ARUPS
from Gd [50] and spin-resolved IPS for the image-charge
states of Ni [52]. The upper panels of Figure 8 show spec-
tra from the surface state taken with hv = 16 eV (left)
and 30 eV (right) in normal emission. Spectra for M**
and the corresponding difference spectra are given like in
Figure 7. The LMDAD appears as a small splitting of the
spectra for £M for both photon energies. The splitting
of the peak-maxima is only 17 &4 meV at hv = 16 eV
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Fig. 8. LMDAD with M*° from the Gd surface state. The
spectra are taken in normal emission at photon energies below
(a, 16.0 eV) and above (b, 30.0 eV) the minimum in the cross-
section of the surface state. (c) Calculation of the spectra corre-
sponding to (a) using the one-step-photoemission program. (d)
Calculation of the phase-factor 7°/? within the atomic model
depending on the photon energy (see text).

and 28 £4 meV at hv = 30 eV. The course of the differ-
ence spectra, i.e. I"MPAD ig anti-symmetric with respect
to the centre of the emission structure, with a distance of
the extreme of 140 + 10 meV. This can only be explained
assuming a splitting of the surface state into at least two
substates. The LMDAD has opposite sign for the two dif-
ferent photon energies. The minimum of the cross-section
(¢f. Fig. 5) lies between the chosen photon energies.

To get a qualitative understanding of the observed ef-
fects, we used the approximation of an atomic Gd 5ds -
state. One would expect then the lifting of the degeneracy
with respect to the magnetic quantum number m;. The
observed splitting of the surface state could thereby be ex-
plained. Another question remains open: Is the observed
reversion of the sign with increasing photon energy con-
nected with the energy dependence of the cross-sections,
namely the resonance? Assuming an atomic state, the the-
ory described above is applicable: Consider a 5d3/, state
and normal emission of the photoelectrons [37]. Then one
obtains for the LMDAD

JLMDAD _ _i i
2m /5

1 .
3/2 <P10 + P30> n*?sine,  (2)
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where « is the angle of light incidence relative to the sur-
face normal, and

32 = _§\/§ dgdpsin(dy — 0p) .
= 2 2
2V2 Jds|” + |dp|

Here d; and d, are the dipole radial matrix elements for
excitation into f and p final states and § their phases. The
matrix elements and phases are calculated in the non-
relativistic Hartree-Fock approximation with correlation
taken into account using RPAE [44,53]. Spin-orbit inter-
action in the final state leading to p;/o and psz/o partial
waves is neglected. The difference in the matrix elements
is too small to cause pronounced effects, but results in
much more complicated equations. The lower right panel
of Figure 8 shows the calculated variation of the param-
eter /2 with the photon energy. It changes its sign at
about 12 eV due to variations of the phase shift difference
(05 — 6p) between outgoing f and p partial waves. This
zero is responsible for the change of sign of the effect. It
is obviously not connected with the 5p — 5d resonance,
which produces the sharp feature at 27 eV. The observed
zero-crossing is between 16 eV and 30 eV. The difference
between theory and experiment can be explained by the
difference between the surface state and the 5d state of an
isolated atom.

The magnitude of the LMDAD is proportional to
the sum of state multipoles ply + $p4 which become
\/5 ,0,0, —% for the sublevels with m; = 3/2, 1/2, —1/2,
—3 / 2, respectively. Thus only the sublevels with m; = 3/2
and —3/ 2 contribute to the LMDAD, and the LMDAD-
spectrum consists of a maximum and a minimum of ap-
proximately equal magnitudes. This is in agreement with
the shape of the observed difference spectra shown in Fig-
ure 8.

Furthermore, the one-step photoemission program was
applied to calculate the magnetic dichroism. The program
is not fully relativistic, thus separate calculations (with
separate potentials) are necessary for majority (1) and
minority (|) spin, respectively. The surface state is repro-
duced in the calculations (see above), as well as photoe-
mission from 4 f derived bands.

Because the computer program does not yet contain a
description of resonance processes, we compared the cal-
culations to the experiment only at hv = 16 eV. The in-
fluence of magnetism on the surface state is as follows:
One finds different binding energies of the surface state
for majority and minority spin. These binding energies are
also depending on the width of the surface barrier, which
can be tuned with a special parameter in the program. If
this parameter (i.e. the distance of the turning point of
the s shaped profile of the surface barrier to the topmost
layer, see above) is chosen equal for both spin channels,
the splitting is as big as the width (FWHM) of the mea-
sured peak. This is too large, and to get a better agreement
with the experiment, one has to chose spin-dependent bar-
rier settings. Indeed, one will find such a shift in a self-
consistent calculation of the potential, which will show a
difference in the centre of charge for majority and minor-
ity electrons near the surface caused by the matching of

(3)
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Fig. 9. CDAD from the Gd 4f state. Left: photoelectron spectra taken for opposite helicity and the difference I°PAP =

JRCP _ jLCP

IRCP _ TECP on an enlarged scale (hv = 36 eV, a = 45°, 9 = —30°). Right: CDAD-asymmetry Acpap = Irorror as function
of the observation angle. The full drawn line is calculated for the surface and the dotted line for the bulk (sometimes called
subsurface) 4f state. The calculations account for an incomplete circular polarisation: Psire = 0.8.

the wave-functions in the bulk and in the vacuum. This
is essentially the same as a shift of the effective potential
for T and | electrons. We tuned the settings of the surface
barrier to get a resulting splitting between the majority
and minority surface states of 60 meV. This is an average
value between the smaller splitting of the spectra for +£M
and the larger splitting of the extrema of I"MPADP The cal-
culated spectra are convoluted with a Fermi-distribution
for T'= 100 K and a Gaussian corresponding to an overall
resolution of the experiment of 150 meV. A secondary elec-
tron background after Shirley [51] was added empirically
to fit the observed peak-to-background ratio. To be com-
parable with the experiment, where the photoelectrons
are emitted with a spin-polarisation P < 1, the major-
ity and minority spectra I' and I' had to be mixed to
get the intensities IM** and I™~* for the sample mag-
netisation M+ and M ~%. The best agreement with the
measured spectra led to a spin-polarisation of about 64%,
which is comparable to results published by Mulhollan
et al. [50]. Analogous findings have been made for image-
charge states of Ni(111) [52]. The turning point of the
surface barrier, i.e. the measure for its width, was set at
2.4 A and 2.54 A measured from the centre of the topmost
layer.

This kind of calculation is of course not ab-initio, but
semi-empirical with a couple of free parameters. Neverthe-
less, the number of really free parameters can be reduced
drastically by using known values from the experiment.
By this way we get the model of a surface state in a spin-
dependent surface potential, which is consistent with the
experiment. On the other hand, this kind of experiments
provides a very sensitive test for the photoemission theory.

Recent work on Gd(0001) utilising high resolu-
tion photoemission and inverse photoemission [54] and
spin-resolved inverse photoemission [55] showed a pure
Stoner-like behaviour of the surface state. The exchange

splitting reported in both studies for temperatures well
below T, and film thickness of 80 A and 100 A was about
500 meV. In contrast, our films have been much thinner
(see above). The c-axis lattice parameter is possibly still
different from its bulk value. This leads to changes in the
electronic and magnetic structure: The binding energy of
the surface state is shifted compared to the bulk values
[54,55], T is lowered in very thin films, and the easy direc-
tion depends on temperature and film thickness [56]. Our
results demonstrate the feasibility of the MDAD-technique
to resolve even very small exchange splitting as expected
near 1¢.

3.3 CDAD from paramagnetic surfaces

CDAD can be observed already for aligned states [4], so
that no magnetisation is necessary to observe differences
in the angular distribution if the helicity of the photons is
changed. In the pure atomic model, the CDAD is merely
given by the interference of partial waves differing in the
orbital angular momentum I, or the total angular momen-
tum j, respectively. Accounting for solid state effects, es-
pecially like photoelectron diffraction, an interference of
final state partial waves differing in m; (or m;) instead of
I will occur, even if initial states from a completely filled
shell are investigated [24]. The interference of the I + 1
and [ — 1 final state partial waves is neglected very often
in description of magnetic dichroism in the angular distri-
bution, even so it was demonstrated that it can be of the
same order of magnitude as the differential cross section
itself.



172

3.3.1 CDAD from the Gd 4f state

The results observed from the Gd 4 f state are shown in
Figure 9. The spectra were taken using a photon energy of
36 eV. The left part shows a typical pair of spectra taken
at an emission angle of —30° with right and left helic-
ity together with the difference. The difference is positive
over the hole energy range of the "F; final state multi-
plet. We performed 3-step photoemission calculations to
estimate the influence from the bulk and surface contribu-
tion to the observed CDAD. The results are shown in the
right part of Figure 9 together with the measured CDAD
asymmetry as function of the angle of emission. The cal-
culation accounting only for the surface part of the 4f-
state reproduces the zero-crossing at about +12.5° very
well. (Please note that the asymmetries reproduce only
zero-crossings correctly if the photons have an additional
linear polarisation, as observed in most experiments.) The
observed deviations can be explained by misalignment of
the sample or differences in the polarisation delivered by
the monochromator. It is clearly seen that one expects
the opposite sign for the bulk contribution, even if details
of the multiplet structure are not resolved. Therefore we
conclude, that at the photon energy used here only the
surface contribution is observed, whereas the bulk contri-
bution is completely suppressed. The latter may be due to
the fact that the electron mean free path in Gd is much
lower than expected from the universal curve.

In our calculations we used LS as well as jj coupling
schemes and spin dependent photoelectron diffraction was
taken into account. It was found that always the use of jj
coupling with |j, m;) single particle states derived from
solution of the Dirac-equation agreed better with the ex-
perimental result than the use of LS-coupling with |/, s)
electron wave functions, even so the difference of the
matrix elements and phases derived from the relativis-
tic Hartree-Fock calculations with Slater-exchange used
in the 3-step program amounts only to about 3% for the
[41 (d3/2 and d5/2) partial waves of the emitted electron
and was negligible for the g waves. From this we conclude
that the coupling is closer to jj than to LS or LSJ, re-
spectively.

The occurrence of asymmetries up to about 17% from
the non-magnetic CDAD shows that final state interfer-
ence cannot be excluded from MCDAD calculations. In
future, such calculations should always start from the full
relativistic Hamiltonian instead of treating spin-orbit and
magnetic-exchange interactions as perturbation.

3.3.2 CDAD from surface states and valence bands

The surface state with its atomic character and large
cross-section at low photon energies makes the rare earth
surfaces attractive also for the study of the CDAD. In-
vestigations of the surface electronic structure have been
performed earlier on Gd(0001) [43,50,57], whereas com-
parable studies for Nd were not found in the literature.
Figure 10 shows the intensity and the asymmetry
AcpAD versus k” of the photoelectrons at hv = 16 eV.
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Fig. 10. CDAD from the Gd surface state. Left: photoemission
spectra from Gd(0001) taken at 16.0 eV photon energy varying
the observation angle ¥ (unpolarised light, I = I"CF 4 [*CF)
Right: the corresponding CDAD-asymmetry vs. k; for Gd.
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Fig. 11. The upper part shows photoemission spectra from
Nd(0001) taken at 16.0 eV photon energy varying the ob-
servation angle ¥ in the X direction (unpolarised light, I =
IRCP 4 VP and the Brioullin-zone of the dhcp crystalline
structure. The lower part shows the dispersion of the observed
states from Nd(0001) along ¥ as determined from the experi-
ment (bars) compared with a TB-LMTO bandstructure calcu-
lation for paramagnetic Nd (lines).
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Fig. 12. Photoelectron-spectra from Nd(0001) taken with 16.0 eV photon energy at two different observation angles. Both
panels show the intensities for RCP and LCP light. The sum of the RCP and LCP intensities (unpolarised light) is additionally

given in the right panel.

The plane of observation was within the X direction of
the surface Brillouin zone. A rapid decrease of the peak
intensity with increasing observation angle ¥ was found.
The asymmetry was determined from the peak intensities
after background subtraction and is shown in Figure 12,
too. An anti-symmetric course with respect to k) can be
seen, with maximum values of about 8%.

We start as before with the consideration of an atomic
5ds3/9 state. The CDAD can then be described by the same
formalism as the LMDAD (see above):

I?)C/BAD - _ %pgon:z/z sin ¢ sin 29

(1)
with the same parameter 17%/2 as above. In the ferromag-
netic case the state-multipoles p7, and p%, describe the
orientation of the different m;-substates. Here we have
only an alignment of the 5d3/, state parallel to the sur-
face normal, which is described by p5,. The correct sign
of the CDAD is given by this model, but an unambiguous
fit to the data is not possible because of the limited range
of observation angles.

The upper left part of Figure 11 shows a series of pho-
toelectron spectra from Nd(0001) taken at hv = 16.0 eV
and various observation angles from ¥ = —25° to 55°. The
surface state is visible as well as some valence-band fea-
tures, that are much stronger compared to Gd. A sketch of
the experimental geometry is given as well as the hcp Bril-
louin zone and its projection on the (0001) surface. A clear
distinction between the surface state and valence band
states crossing the Fermi-edge is possible only in a strongly
restricted angular range of ¥ = +5°. As shown in the left
panel of Figure 12, a large asymmetry of 20% can be found
for this small observation angle. As the CDAD vanishes in
normal emission, the variation of the CDAD with the ob-
servation angle is very strong here. This can be expected
for the case of a d,2-state, as was shown earlier [11].

The right panel of Figure 12 shows an exemplary set of
spectra taken at ¥ = 45°. The spectra taken with RCP and

LCP light are given together with the sum, corresponding
to unpolarised light. In the latter case one can distinguish
a sharp, asymmetric peak just below the Fermi-energy and
additionally a broad feature, that seems to consist of two
peaks as indicated by the arrows. The spectra taken with
circularly polarised light show a strong CDAD, especially
at the Fermi-energy. The broad structure at about 0.5 to
2 eV below the Fermi-edge is now resolved into a triple fea-
ture. This enhanced resolution was utilised to determine
the binding energies of all observed emission features. The
corresponding kj-values were calculated taking into ac-
count a work function of & = 3 eV [58]. The resulting
experimental band structure of Nd along the X direction
of the surface Brillouin-zone is given in the lower part of
Figure 11. The surface state is marked as far as it can
be distinguished clearly. The experimental data (bars) are
compared with a TB-LMTO (Tight Binding-Linear Muf-
fin Tin Orbitals) calculation (solid lines) for dhep Nd. The
main features of the experimental data are roughly repro-
duced by the calculation, namely the band gap at the I-
point, some bands between —1 eV and —2 eV, and the
bands just below the Fermi-energy around M. Some dis-
agreement between theory and experiment was expected
however, since the calculation was performed without tak-
ing into account 4 f-5d correlation and is thus only a first
approximation.

Looking more closely at the surface state (Fig. 12, left
panel), one finds a shoulder at the low energy side of the
peak. The surface state obviously consists of two states,
separated by approximately 200 meV as indicated by the
arrows. Recent results for Th(0001) (not shown here) hint
on a similar splitting. The nature of this splitting is clearly
not magnetic. Wu et al. [39] found a splitting of the sur-
face state of comparable size in calculations for the band-
structure of Gd(0001), whereas in our spectra from Gd we
cannot unambiguously fit a double peak.
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On the other hand, our one-step calculations for Gd
and Nd give only a single peak. The surface potential is
here modelled by a smooth step function, that depends
only on the co-ordinate parallel to the surface normal and
is not modulated in directions parallel to the surface. Also
the surface potential does not exceed the topmost layer,
and no relaxation of the first layers is included. Therefore
the splitting must reflect the details of the crystal struc-
ture at the surface.

4 Summary and conclusion

We presented an angle resolved photoemission study from
epitaxially grown Gd and Nd ultra thin layers on W(110)
in the VUV-range. Magnetic and non-magnetic dichroism
experiments have been performed on both the 4f pho-
toemission and the emission from the surface state. The
feasibility of this technique for the investigation of minute
details of the electronic structure and magnetic proper-
ties was demonstrated: A magnetic coupling of a mono-
layer of Nd to a ferromagnetic Fe layer has been shown
by CMDAD. The surface band structure was determined
experimentally for pure Nd(0001). A small, but significant
LMDAD was found for the Gd 4 f-states.

One major interest of our work however was put on
the investigation of the surface state in both materials:
Large cross-sections that strongly increase towards pho-
ton energies near the threshold can be found. Thus it is
feasible to study the electronic and magnetic properties of
the surface by ARUPS-experiments on the surface states.
For an ultrathin Gd-film, a LMDAD was found exhibiting
a very small splitting of the surface state for the direction
of magnetisation lying within the surface. Our results can
be explained in terms of an atomic picture by photoe-
mission from oriented m; -substates. These experimental
findings are qualitatively reproduced by the calculations
as well as the CDAD from paramagnetic Gd. A better
accuracy of the calculations may be achieved including a
more exact ansatz for the surface state, where the devi-
ation of the charge distribution of the surface state from
a pure d,2-shape is modelled via LCAO or a more so-
phisticated theory. A second theoretical approach is given
by one-step calculations of the solid-state photoemission.
It was possible to simulate the observed effect with semi-
relativistic calculations including a spin-dependent surface
barrier. (Note: a much too large splitting was observed if
using a spin independent barrier.) Nevertheless, the ex-
perimental findings show that there is still a rather large
discrepancy to the theoretical models.

From the non-magnetic CDAD we found that the total
angular momentum of the Gd surface state is of j = 3/2
character, as proposed in earlier work [37]. For the 4f-
state we were able to show that at low photon energies
the contribution from the surface is dominating, whereas
the bulk like state is completely suppressed.

The examples of dichroism experiments in angular
resolved photoemission being presented in this work
demonstrate that these kinds of experiments provide very
sensitive tests of photoemission theories, because more

The European Physical Journal B

detailed information is gained than in common ARUPS.
Details of the electronic structure can be resolved better.
This special feature can be used for the investigation of
the electronic structure of solid surfaces.
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