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Abstract. The magnetic order in ultrathin films depends critically on a variety of film parameters.
Therefore, to understand the magnetic properties of thin films on the basis of the spin-
dependent electronic structure is a challenging task for both experimentalists and theoreticians.
Experimentally, spin-resolved electron spectroscopies probe directly either the spin-dependent
density of states or specific energy states, often at a defined wave vector. In this paper, two surface-
sensitive techniques, that provide complementary information about the unoccupied electronic
states, are described. Spin-resolved appearance potential spectroscopy gives element-specific
access to the spin-dependent local density of states. Spin-resolved inverse photoemission permits
detailed investigations of electron states characteristic of the surface and the layers underneath as
a function of the wave vector. Both technigues are sensitive also to the film structure. A variety
of magnetic film properties is discussed in the light of the electronic structure. The examples
described in this paper include Fe films on W(110) and Cu(001) as well as Gd films on W(110).

1. Introduction

Few elemental systems exhibit collective magnetic order phenomena but a huge number of
compound and alloy systems are magnets. Magnetism has attracted generations of scientists
and still remains one of the great puzzles of solid state physics [1]. For a long time
magnetismwas considered a bulk problem. By alloying magnetic elements with other magnetic
or nonmagnetic elements it became possible to tailor the magnetic properties for certain
applications. The success of surface-science experiments under ultra-high-vacuum conditions
in the last 20 years opened new horizons. The importance of interface effects became quickly
apparent. Enhanced or reduced magnetic moments at surfaces and interfaces, enhanced Curie
temperatures of the surface compared with the bulk, modified magnetic anisotropies, the
influence of the growth mode, distorted crystal structures etc: all these topics have been
the subject of numerous studies [2—7]. The discovery of the giant magnetoresistance effect
in sandwich structures consisting of magnetic and nonmagnetic layers and its tremendous
potential for applications in sensor and data storage technology motivated even more groups to
start research in magnetism. The search for novel phenomena in more and more sophisticated
multilayer structures as well as the development of magnetic microscopies with lateral
resolution in the nanometre range are now beginning to dominate the field.

Nevertheless, the understanding of magnetic phenomena on the basis of the electronic
structure still lags behind. Even today, there is no complete theory to describe the
ferromagnetism of the classical band ferromagnets Fe, Co and Ni. This is even more true
for low-dimensional layered structures. Experiments are needed that determine the spin-
dependent electronic states and provide a data base for band-structure-based models that
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describe the magnetic phenomena. In this paper, the relation between the magnetic order
and the electronic structure will be discussed with respect to three aspects: (i) the dependence
on the film thickness and, connected with that, the influence of the growth characteristics,
(ii) the dependence on the depth, i.e. the question of a magnetic depth profile, and (iii) the
dependence on the temperature, which is the most fundamental dependence in magnetism.
Two techniques, appearance potential spectroscopy (APS) and inverse photoemission (IPE),
both in a spin-resolved mode, are described. As model systems, Fe on W(110) and Cu(001)
as well as Gd on W(110) will be discussed.

2. Experiment

The experiments were performed in ultra-high-vacuum (UHV) chambers with base pressures
of 3to 5x 10°% Pa. The Cu(001) substrate was cleaned by @&rNe" bombardment and
subsequent annealing to about 1000 K. The W(110) substrate was cleaned by cycles of glowing
at 1500 K in oxygen atmosphere (1 tx3.0-° Pa) and subsequent flash desorption at 2500 K.

Fe and Gd films were deposited from electron-beam evaporators. Fe was evaporated from a
carefully outgassed 2 mm thick Fe rod (purity 99.999%) at a rad€dd® monolayers (ML) per
minute. The Cu(001) substrate was keptat 300 K during evaporation [8—11]. For Fe on W(110),
the sample was kept 300 K during evaporation of up to 6 ML and subsequently annealed at
350 K. For thicker films the sample temperature during evaporation was continuously increased
up to 550 K after the sixth layer was deposited [12, 13]. This procedure leads to flat and well
ordered Fe films with sharp LEED patterns. Gd (carefully outgassed, 99.9%) was evaporated
from an Mo crucible at a rate 8§13 A min~. The W(110) substrate was kept at 320 K during
evaporation and the films were subsequently annealed for 2 min [14,15]. The annealing
temperature was chosen depending on the film thickness according to the literature [16]. The
pressure during evaporation was always beloanl®8 Pa. The cleanness and structural order

of the substrates and the deposited films were characterized by low-energy electron diffraction
(LEED), Auger electron spectroscopy (AES) and APS or IPE (intensity of surface states). The
coverages were determined by LEED, AES, a quartz microbalance and film-specific calibration
marks, e.g. typical LEED patterns or structural and magnetic phase transitions. The adlayers
were remanently magnetized by an external field either in the film plane or perpendicular to
it. The magnetization was checked by thesitu magneto-optic Kerr effect (MOKE).

Both experiments consist of a two-chamber UHV system. One chamber contains the
source for spin-polarized electrons, the other chamber the techniques for film preparation and
characterization plus the detectors used for APS or IPE. An electron transfer system connects
both chambers. The spin-polarized electrons are photoemitted from negative-electron-affinity
(NEA) GaAs excited by circularly polarized laser light. In our geometry, we obtain atransversal
spin polarization of about 30% [17-19]. Since the spin dependence of the measured signals
is proportional to the scalar product of the electron spin polarizattoand the sample
magnetizationM, our experiment is sensitive to an in-plane film magnetization for normal
electron incidence on the sample. In the APS apparatus we have included a spin rotator in our
electron optics able to rotate the electron spin polarization within the transversal plane [13].
Here, we can monitor reorientation transitions, where the direction of easy magnetization
changes in the film plane. Out-of-plane components are detectable for off-normal electron
incidence. To eliminate the influence of the incomplete experimental beam polarization on the
data, all spin-resolved spectra have been renormalized to 100% hypothetical beam polarization.
The spin asymmetry of the measured signals is defined as the normalized difference between the
signalsl; andI| for electron excitation with spin magnetic moment parghgland antiparallel
({) to the magnetization direction, respectively:= (I, — 1,)/(I; + I,). Please note that in
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some publicationst is defined with the reversed sign to obtain positive numbers at energies
above the Fermi level, where minority states dominate.

2.1. Spin-resolved appearance potential spectroscopy

For APS the surface of a solid is bombarded with electrons of variable energy while the total
yield of emitted electrons or, as in our case, x-rays is monitored. At energies high enough
to excite a core electron into states above the Fermi |Eyethe yield of emitted particles
increases owing to recombination of the created core hole via x-ray or Auger electron emission.
The primary energy of the electrons used for excitation is giveE py= eU + @, where

U denotes the potential between photocathode and samplé aride work function of the
cathode. The relevant number of our negative-electron-affinity cathode was determined as
1.4 eV and represents essentially the band gap of the semiconductor. In the literature the
scale for the electron energy is given by either the potetitjghe electron energylU or E, as
defined above. This explains the somewhat different energies of APS lines in the literature. The
APS signal is detected via soft-x-ray emission in our experiment. The detector arrangement
consists of a multichannel plate with filters and a Csl layer as transmission photocathode acting
as photon-to-electron converter [20]. Due to the low signal-to-background ratio of typically
10-“ the APS signal is measured by modulating the sample potential and monitoring the first
derivative with lock-in technique. The voltage for potential modulation is chosen in such a
way that the observed APS line widths are not influenced, typically 1 to 2 V peak-to-peak.
Electron beam currents range from 30 to/64.

Since core electrons are involved in the excitation process, APS is element specific and
therefore able to determine binding energies of core levels [21-23]. The intensity and shape of
the APS signal reflect the density of unoccupied states because both the exciting and the excited
electrons are scattered into unoccupied states. Within a one-particle approximation, the APS
signal is proportional to a self-convolution of the local unoccupied DOS. As a consequence,
APS can be used to investigate the unoccupied DOS [24, 25]. Since the shape of the DOS
depends on the structure, APS is sensitive to the crystal structure [26] and to structural changes
caused by melting [27], alloying [28] or at interfaces in films [13]. The surface sensitivity of
APS is determined by the inelastic mean free path of the exciting electrons at the excitation
energy, which is typically a few monolayers only. This limits the experimentalist’'s access to
shallow buried interfaces or surfaces only. With spin resolution APS is able to reveal the spin
dependence of the unoccupied DOS [29, 30, 28] as well as the sign of the magnetic coupling
in multicomponent systems [31]. By taking into account matrix elements, but still within the
one-particle approximation, it is possible to calculate the measured spin-resolved APS signals
of 3d metals and alloys [32, 28]. By measuring the spin asymmetry as a function of the film
thickness or the temperature, APS can be used for magnetometry measurements [8, 9, 33, 13].

2.2. Spin-resolved inverse photoemission

For IPE low-energy electrons impinge on the sample as a parallel beam. Radiative transitions
between empty states are observed via the emitted photons. Angle-resolved IPE measures the
energy versus wave vector relati@i{k) of unoccupied electronic states at surfaces [34, 35].

In our experiment, the photons are detected at a fixed energy in iodine-filled Geidier-M
counters with Srf-as entrance windows [36]. This detector works as an energy bandpass
detector around 9.4 eV. The apparatus function representing the overall experimental resolution
including the energy spread of the electron beam is well described by a Gaussian function with a
full width at half maximum (FWHM) of about 450 meV [19]. IPE spectra display the number
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of detected photons as a function of the kinetic energy of the exciting electrons. Usually
the energy scale gives the final state energies referenced to the Fermi level of the sample,
which is the energy where the intensity onset appears. In magnetic systems the energy levels
E, , depend on the electron spin magnetic moment paréfielor antiparallel(|) to the
magnetization direction. The energy difference betwgerand E| is called the exchange
splitting AE,, which depends on the enerdy, the wave vectok and the temperaturg.

With spin-polarized electrons used for excitation, the spin-split bands in magnetically ordered
materials are determined directly [92, 38].

Experiments with IPE complement the results obtained with ordinary photoemission (PE)
about the occupied valence bands. For understanding magnetic systems the states just below
and above the Fermi energy are of particular importance. Connected with the exchange-split
bands close to the Fermi energy, i.e. the spin-dependent Fermi surface, is an imbalance
in occupation of the spin-up (majority,) and spin-down (minority,,) energy levels, which
leads to a net magnetic moment. As a consequence, electronic states with spin-dependent
occupation close t& » contribute directly to the magnetic moment. To investigate these states
as a function of film parameters and the temperature helps in the development of a microscopic
picture of ferromagnetism. The information depth of IPE is, in general, determined by the
inelastic mean free path for low-energy electrons, which is a few atomic layers only and spin-
dependent [39, 40, 12]. However, the ability to select specific electronic states with defined
k leads to an effective probing depth that depends on the specific state under investigation.
Results of two-dimensional surface states, for example, carry information from the very first
layer [41].

3. Thickness dependence

The magnetic order and the electronic structure depend critically on the film thickness.
The Curie temperature, the magnetic moment per atom, the magnetic anisotropy and more
properties are different in ultrathin films than in the bulk even if one assumes the same crystal
structure as in the bulk. In addition, a modified lattice constant, structural phase transitions as a
function of the thickness and interface effects influence the magnetic and electronic properties.
As a first example we discuss bcc-like Fe films grown on W(110). Despite the lattice
mismatch of 9.4% between W and Fe, the first 1.8 ML forms a pseudomorphic overlayer.
During the growth of further layers the tensile stress is continuously released by a dislocation
network. Finally, at thicker films above 9 ML, the Fe bcc lattice constant is adopted. Details of
the growth mode are published in the literature [42—-45]. Here we present APS measurements
of this thin-film system. Figure 1 shows spin-integrated APS measurements in the energy
range of the Fe 2p threshold for different film thicknesses [13]. Compared with the spectrum
for a 10 ML thick film, the thinner films exhibit a shift in energy, a modified ratio between the
spin—orbit-split components (branching ratio) and the absence of a spectral feature at about
715 eV. The energy shiftis due to interface effects, i.e. a core-level shift and a modified density
of unoccupied d states, which may also account for the modified branching ratio [13]. The
spectral feature at 715 eV results from a maximum of the sp-derived DOS at critical point
energies [24]. The appearance of this feature with increasing film thickness demonstrates the
development of the three-dimensional band structure. The dominant APS lines which reflect
the DOS of the more localized d states are detected already in the submonolayer range. The
delocalized sp states, however, need at least 4 ML for sufficient long-range order for the critical
points in the Brillouin zone with an enhanced DOS to be observed. It might be interesting to
note that angle-resolved IPE measurements (not shown here) are even more sensitive to a well
definedk in the sample. The intensity of a direct, ileconserving, transition into an empty
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Figure 1. Spin-integrated APS spectra of the Fe 2p thresholds for Fe films on W(110). For
comparison, the data for 10 ML are included as solid lines in the spectra for thinner films [13].

minority d state starts to develop at 3 ML Fe on W(110) and increases up to about 10 ML
[12], which reflects the improving three-dimensional crystallographic order with increasing
film thickness.

The magnetic properties of Fe films on W(110) were monitored via the spin asymmetry of
the 2, line. The results are shown in figure 2 as a function of the Fe film thickness. For films
thicker than about 45 ML the films are spontaneously magnetized along [001], which is the
direction of easy magnetization in bulk bcc Fe. For thinner films, the magnetic anisotropy is
influenced by the Fe/W interface leading to a direction of easy magnetization alt3ig46].

This magnetic reorientation transition with increasing thickness was followed by rotating the
spin polarization of the incoming electron beam, whereas the absolute vadue eabout 0.29

did notchange as shown in figure 2. The low spin-asymmetry values for films thinner than 3 ML
cannot be explained by a reducgd of the film. Our sample temperature was below The
values reported in the literature for these film thicknesses [47]. The suppression of asymmetry
is presumably a result of an incomplete sample magnetization due to high in-plane coercivity
in this thickness range [48]. Our external field was not high enough to saturate the very thin
films. The asymmetry maximum around 6 ML came as a surprise. It cannot be explained by an
enhanced magnetic moment of only the surface layer which is theoretically predicted [49, 50]
and experimentally confirmed for Fe(110) [51-53]. The solid line in figure 2 simulates the
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Figure 2. Spin asymmetry of the Fe 2p APS signal for Fe/W(110) as a function of the Fe film
thickness at two different sample temperatures of 150 K (dots) and 300 K (triangles) [13].

influence of an enhanced surface magnetic moment by taking into account the probing depth of
APS [13]. As a consequence, either the asymmetry maximum reflects an enhanced magnetic
moment per atom in this thickness range, where the films have a complicated film morphology,
or the enhanced asymmetry is due to peculiar modifications of the shape of the unoccupied
DOS. The latter is unlikely because the spin-integrated APS line shape does not change as a
function of the film thickness (see figure 1). Therefore, we attribute the enhanced asymmetry
to enhanced magnetic moments due to the structural changes taking place at low coverages.
The dislocation network leads to a continuous change of the lattice constant of the film and to
an enhanced corrugation of the surface. Step atoms are known to have an enhanced magnetic
moment even higher than surface atoms [53]. Moreover, an expanded lattice also tends to
cause enhanced moments. Both effects may account for the asymmetry maximum observed
for Fe thickness where the film has not reached the bulklike structure.

The second example is Fe on Cu(001), which is probably the most studied magnetic thin-
film system in the literature [54—61]. When Fe is deposited on Cu(001) at room temperature
it exhibits three phases. Up to 5 ML, the films have a tetragonally distorted fcc structure,
they are ferromagnetic with out-of-plane anisotropy. Between 5 and 10 ML, the structure
is fcc with a reconstructed surface, the out-of-plane ferromagnetic signal is reduced and
independent of the film thickness. For more than 10 ML, a structural phase transition to
bcc occurs and the magnetization direction changes to in plane. Most attention was given to
the thickness range between 5 and 10 ML to understand the unexpected reduced magnetization.
The results of several experiments favoured magnetically live surface layers on paramagnetic
or antiferromagnetic Fe sublayers.

Figure 3 displays spin-integrated APS spectra for three thicknesses of Fe on Cu(001)
representative of the three phases described above [8]. For 17 ML the APS spectrum resembles
the typical spectra for bcc Fe on W(110) as shown in figure 1. For 3 and 6 ML, the spectral
feature between 710 and 715 eV has changed and looks like that in earlier APS measurements
for y-Fe at temperatures between 1184 and 1673 K with fcc crystal structure [62]. The
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Figure 3. Spin-integrated APS spectra of the Fe2tore level for Fe films on Cu(001) taken at
three different coverages. Thin solid line: spectrum of 17 ML Fe/Cu(001) [8].

described spectral feature serves as a fingerprint to distinguish between different crystal
structures. In addition, the width of the main APS line changes with thickness, which indicates
changes of the local DOS.

As in the case of Fe on W(110), we measured the spin asymmetry of the main APS line
as a function of the film thickness. The results are shown in figure 4 [8]. Below 2 ML, no
asymmetry is observed. With increasing thicknessfar out-of-plane magnetization increases,
passes a maximum and is strongly reduced between 5 and 10 ML, then it disappears. This
is the thickness where the structural phase transition to bcc occurs and the magnetization
changes to in-plane. The in-plane signal increases and saturates for thicker films. The three
different structural and magnetic phases as described above are clearly seen in the APS spectra
and corresponding asymmetry data. But there is more information. Compared with MOKE
data in the literature, showing the magnetization signal between 5 and 10 ML to be almost
constant [54, 58], the APS spin asymmetry decreases slightly with finite values different from
zero. MOKE probes the magnetization of the Fe film averaged over the whole film thickness,
APS only within the uppermost layers limited by the inelastic mean free path for 700 eV
electrons in Fe. As a consequence, APS is able to distinguish between a magnetically live
surface layer on non-ferromagnetic Fe and non-ferromagnetic Fe on top of a ferromagnetic
Fe layer at the Fe/Cu interface. Model calculations for both scenarios are given in figure 4
as dashed and dash—dotted lines, respectively. Obviously, the APS results favour strongly the
ferromagnetically live surface layer. This topic will be discussed in more detail in the following
section.

As a function of the film thickness, the electronic structure develops from interface
dominated to bulklike or, in cases where hybridization between substrate and overlayer states
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Figure 4. Spin asymmetry of the Fe gp APS signal for Fe/Cu(001) as a function of the Fe film
thickness taken at 100 K. Filled circles: magnetization along the surface normal. Open squares:
magnetization in the surface plane. Dotted and dash—dotted lines: see text for details [8].

does not play a role, from two dimensional to three dimensional. The magnetic properties
often deviate quite significantly from the bulk properties. Needless to note, in most thin-film
systems structural changes occur as well, which complicate the analysis but often cause new
interesting phenomena.

4. Depth dependence

Since thin-film systems are confined by a solid/solid and a solid/vacuum interface, aninteresting
question arises: are the magnetic properties uniform throughout the whole film or does a
magnetic depth profile exist? Enhanced magnetic moments at surfaces have been predicted by
theory and observed experimentally as discussed above. They are understood as consequences
of band narrowing due to the reduced number of nearest neighbours at the surface. Surface
Curie temperatures higher than bulk Curie temperatures have been reported for at least
three systems: Gd/W(110) [63—-66], Fg{ill) [67] and Th/W(110) [68]. The results are
controversially discussed in the literature and it is not clear to date which preparation conditions
ensure that an enhanced surface Curie temperature is observed.

Fe/Cu(001), which was discussed in the preceding section, is a good example for a system
with a magnetic depth profile. At film thicknesses between 5 and 10 ML, the magnetization,
averaged over the whole film thickness, stays constant. The assumption of magnetically live
surface layers was supported by adsorption experiments [54] but an unambiguous proof was
lacking. Direct evidence of magnetically live surface layers was claimed to be found by site-
selective conversion-electronddsbauer spectroscopy [69] as well as magnetization-induced
second-harmonic generation experiments [70]. The first approach suffers from measurement
times of several days, which means contamination comes into play. The latter paniset
distinguish between surface and interface.

In the following, it is shown that the analysis of electronic surface states and their spin
dependence serves as a surface-layer-sensitive magnetic probe. The surface sensitivity depends
only on the penetration depth of the wave function. Moreover, combined measurements of
surface and bulk-derived states allow, to some extent, a depth-resolved study provided the
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electronic structure is well understood. This is definitely the case for (001) surfaces with fcc
crystal symmetry. The dispersion of d and sp-derived bulk states as well as image-potential and
crystal-induced surface states is well documented and theoretically understood for a number
of elements [71, 72]. As a consequence, the scene was set for spin-resolved IPE to tackle the
Fe/Cu(001) problem. It has to be admitted, however, that the high surface sensitivity of IPE
prevents access to the buried Fe/Cu interface.
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Figure 5. Spin-resolved IPE results and corresponding spin asymmetry for 2.5 and 6 ML of Fe on
Cu(001). The data were taken%t= 90 K and at an electron incidence angle of 5Thick solid
lines represent best fits to the data, thin solid lines the various fit components [10].

First, we focus our attention on direct transitions into an empty d band. Figure 5
shows spin-resolved IPE results together with the corresponding spin asymmetry for two
film thicknesses, 2.5 and 6 ML of Fe on Cu(001), taken at an electron incidence angle of
50 [10]. In this geometry, our experiment is sensitive to the out-of-plane magnetization.
(The angle of 40 between the electron spin polarization and the sample magnetization was
taken into account when renormalizing the data to 100% hypothetical beam polarization.)
2.5 ML are known to be ferromagnetic throughout the film, while 6 ML exhibit the unusual
reduced magnetization. For 2.5 ML, the spectra give evidence of a direct transition into a
minority state with only background intensity in the majority channel. The spin asymmetry
is minority dominated in the whole energy range shown. In contrast, the spectra for 6 ML
show the minority feature somewhat shifted to lower energy and two features in the majority
channel leading to a sign reversal in the asymmetry close to the Fermi energy. Surprisingly, the
majority features appear at energies different from the minority feature. The results for 6 ML
reflect the reduced magnetization and tell us about a more complicated electronic structure
compared with 2.5 ML. A majority d band {ashows up above the Fermi level, i.e. it becomes
partially empty, which lowers the net spin density and, as a consequence, the magnetic moment.
Combined with the small energetic downward shift of the minority emissipn $& conclude
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thatthe magnetic exchange splittiig, — E,,, of the d band under consideration, averaged over

the ferromagnetic part of the film, is smaller for 6 ML than for the completely ferromagnetic
2.5 ML film. The extra emission b reflects the non-ferromagnetic part of the film, which
is discussed in detail in the literature [10]. Without going into detail, the d-band emission
of the 6 ML film gives evidence of the more complicated electronic structure with reduced

magnetization compared with the 2.5 ML film.
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Figure 6. IPE results for 6 ML of Fe on Cu(001) takenAt= 90 K and at an electron incidence
angle of 50. The spin-averaged data are shown as an overview spectrum; spin-resolved data for
the surface state SS are given in the inset in a limited energy interval. Open and filled triangles
denote minority and majority spin, respectively [11].

To distinguish the surface layer and the layers underneath we tuned the experiment to a
crystal-induced surface state. Itis located in the middle of an energy gap in the projected bulk
band structure, which guarantees a wave function which is peaked within the surface layer.
Transitions into this surface stateatof the surface Brillouin zone at about 4.5 eV above
the Fermi energy are induced by electrons with an angle of incidence® ak&live to the
surface normal. Figure 6 displays the spin-integrated spectrum and, in the energy range of the
surface state, the spin-resolved intensities for 6 ML of Fe on Cu(001) (same sample condition
as in the right panel of figure 5) [11]. The clear exchange splitting of the surface state SS of
0.9 eV is a direct and unique proof of a magnetically live surface layer in this system. A more
comprehensive analysis of sp-derived bulk states and their exchange splitting (not given here)
showed that the ferromagnetic order is not restricted to the topmost layer [11]. However, the
size of the splitting in relation to the surface-state splitting indicates that the magnetic moment
of the sublayers is reduced compared with the surface. These measurements demonstrate that
a detailed study of the spin-dependent electronic structure can provide important information

about a magnetic depth profile.
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5. Temperature dependence

The most fundamental parameter in magnetism is the temperature. The long-range magnetic
order decreases with increasing temperature and breaks down at a critical temperature called
the Curie temperature. How this loss of long-range order occurs and how it is reflected in
the spin-dependent electronic structure is a long-debated question. Since one knows from
neutron scattering experiments that the local magnetic moments do not disappeathat

degree of short-range magnetic order is another subject of discussion. Moreover, there is
a difference depending on whether the magnetic moments are carried by the 3d conduction
electrons in the case of band ferromagnets (Fe, Co, Ni) or by the localized 4f electrons in
local-moment ferromagnets (Gd, ;Tb.). In the latter case, however, the local moments are
indirectly coupled by again conduction electrons which itself carry some magnetic moment.
In the literature much attention is given to the temperature dependence of the magnetization
in two-dimensional films, which is described by the 2D Ising model or the 2D anisotropic
Heisenberg model with their typical critical behaviour on approactings, 6, 7].

In this paper, emphasis is given to the temperature dependence of the exchange splitting
of electronic states. Delocalized states are expected to show a Stoner-like behaviour, i.e.
the exchange splitting shrinks proportional to the magnetization and disappdatsiMore
localized states should keep their exchange splitting, only the experimental averaging over
many local sites leads to a decrease of the spin asymmetry that vanighesang to the loss
of long-range magnetic order. In a spin-resolved experiment, this means a transfer of minority
intensity into the majority channel arnice versaoften called spin mixing or extraordinary
peaks in the literature. In real systems, depending on the degree of short-range magnetic
order, all scenarios between the extrema ‘Stoner-like’ and ‘spin mixing’ are possible. While
in Fe evidence was found for extraordinary peaks indicative of short-range magnetic order
[73, 74], the situation for Ni is not as clear. PE and IPE experiments found collapsing band
behaviour with line broadening [75, 76, 38], while the results of two other techniques favour
an almost constant exchange splitting: spin-polarized electron-energy-loss spectroscopy [77]
and two-dimensional angular correlation of (polarized positron) annihilation radiation [78].

In addition, results of spin-resolved resonant PE were well explained by the existence of a
temperature-independent local magnetization which fluctuates at elevated temperatures [79].
Spin-resolved circularly polarized resonant PE even found local spin polarization of the 3d
bands, not only below but also above the Curie temperature [80]. The theoretical description
is not complete either [81-83].

Gd on W(110) remains a hot topic in thin-film magnetism because of the unusual surface
magnetic properties reported for this system [65, 66]. In particulag-typde surface state is
expected to be responsible or at least influence the surface magnetic behaviour like an enhanced
Curie temperature and/or a canted spin structure compared with the sublayers. PE and IPE,
both spin integrated and spin resolved, as well as scanning tunnelling spectroscopy (STS) have
been employed to learn more about this surface state and its temperature behaviour. It was
hoped that a comparison between the temperature dependence of bulk and surface states could
also reveal the degree of localization of the surface state. The surface state is magnetically
relevant because it is partially occupied with different occupation in the two spin channels,
which means it contributes directly to the magnetic moment of the surface. Theory expects a
majority state below and a minority state above the Fermi level for zero temperature [84]. At
low temperatures, the two components were experimentally observed, separated in energy by
about 0.7 eV, but the spin character was not purely majority bé&gwnd not purely minority
aboveEr [85, 14, 86]. The temperature-dependent results were interpreted controversially as
spin-mixing or collapsing-band behaviour or in between with a remaining splitting of 0.4 eV
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Figure 7. Spin-averaged (left panel) and spin-resolved (right panel) IPE spectra for Gd films on
W(110) for various overlayer thicknesses takefi at 130 K and normal electron incidence. Open
and filled dots (right panel) denote minority and majority spin, respectively. The intensity of the
W(110) spectrum is not plotted to scale [15].

at 7 [85, 87, 14, 88]. Each individual technique has its strengths and its constraints but none
of them was able to provide a complete picture. The results of PE and IPE are distorted by
the Fermi level cutoff in combination with a limited energy resolution, while STS has no or
limited spin resolution. This explains the diverging interpretations.

Figure 7 shows spin-integrated and spin-resolved IPE data for Gd/W(110) taken at
T = 130 K for normal electron incidence for different coverages [15]. Due to the extremely
short probing depth in Gd of about 1 ML, the spectra for 3 ML no longer show any substrate
signal. This also proves that there are no holes in the film. The spin-integrated spectra
reveal the surface-state emission SS just above the Fermi level and transitions into d-like bulk
states BS at about 1.4 eV. The spin-resolved data exhibit pronounced spin asymmetry only
for the thicker films, although the Curie temperatures for 8 and 12 ML thick films are well
above the measurement temperature of 130 K [89] and the peak positions of SS and BS also
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Figure 8. Spin-resolved IPE spectra for normal electron incidence on a 36 ML thick Gd(0001)
film on W(110) for three different temperatures [14].

indicate ferromagnetic order [15]. It is not clear at present why we do not observe clear spin
dependences. The most probable hypothesis is a changed magnetic anisotropy for thin films,
which prevents aremanent magnetization in the direction of the spin polarization of the exciting
electrons. Experiments are under way to clarify this question. The spectra for thicker films
show clearly two spin components for both BS and SS, which are energetically separated by
0.85 and 0.25 eV, respectively. The intensity imbalance between the two spin components of
BS is remarkable. This can be explained by a spin dependence of the attenuation length of
the incident electrons. If this is true, the effect should be absent for SS. In fact, SS has even
a reversed intensity ratio between minority and majority components. The somewhat lower
intensity of the majority component is a consequence of the Fermi level cutoff or of a smaller
spectral density.

Figure 8 presents spin-resolved IPE datafor 36 ML of Gd on W(110) taken atthree different
temperatures that correspond to about 90, 45 and 0% of the spontaneous bulk magnetization at
T = 0[14]. For 36 ML thick filmsT¢ is reported to be a few Kelvin below the bulk value [89],
in agreement with our MOKE measurements. BS shows a Stoner-like temperature behaviour
accompanied by a broadening of the observed features. In addition, the spin dependence of
the peak intensities disappears upon approaching the Curie temperature. As expected, the
electron attenuation length is no longer spin dependeft atFor SS, the two unoccupied
spin components move towards each other with increasing temperature, forming one spin-
independent spectral feature at about the bulk Curie temperature. The temperature behaviour
of SS is again Stoner-like with broadening effects. We did not find evidence of an enhanced
surfaceTc.
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In the light of the PE results with a primarily majority surface state below the
observation of a majority-spin component of SS above the Fermi energy is surprising.
Moreover, the collapsing-band behaviour of the unoccupied part of SS is unexpected with
the STS data in mind, which see clear features below and abpvat and above-. The
interpretations given in the literature seem to be biased by the assumption that there is only
one minority and one majority component, which then show either spin-mixing or collapsing-
band behaviour. Probably the situation is more complicated. The strong localization of the
surface state may lead to considerable f—d interaction, which is believed to be responsible for
the main energetic splitting of 0.7 eV between the occupied and the unoccupied components.
Each component exhibits a spin dependence, at least in the unoccupied part accompanied by
a spin splitting. At the Curie temperature, the spin dependences and spin splittings disappear.
Both spectral densities, the occupied and the unoccupied, are somewhat shifted towards the
Fermi level, but an energetic splitting of 0.4 eV remaingat Model calculations support
this scenario [90, 91].

The described example of Gd films on W(110) demonstrates the complexity of the
temperature-dependent electronic structure in ferromagnets, whether films or bulk materials.
Itis far from being well understood. The combined results from various techniques and intense
discussions between the researchers who obtained the results promise an increased microscopic
understanding of the fascinating phenomenon ‘collective magnetism’.

6. Conclusions

The magnetic order in ultrathin films differs in many aspects from the bulk properties. It
depends critically on the film thickness including the growth mode and structural changes.
In addition, a magnetic depth profile may develop influenced by the particular interfaces, the
substrate on the one side and the vacuum or overlayer on the other side, and the magnetic
order depends on the temperature, which is the most fundamental parameter in magnetism.
All this makes thin-film systems attractive to both basic and applied research. To describe the
magnetic properties on a microscopic level needs the understanding of the underlying spin-
dependent electronic structure. In this paper, spin-resolved appearance potential spectroscopy
and inverse photoemission were used to determine the spin dependence of the unoccupied
states in magnetic thin-film systems. While the first gives access to the local density of states,
the latter provide&-resolved information about specific states characteristic of the surface or
the layers underneath. Examples of Fe and Gd films were discussed in this paper.

The direct correlation between magnetic order and electronic structure, iie.séu
measurement of both, is essential, particularly in thin-film systems, where the properties depend
critically on the preparation parameters. Usually the ‘macroscopic’ magnetic order is checked
by MOKE. However, the probing depth of MOKE is orders of magnitude larger than the probing
depth of spin-resolved electron spectroscopies, which hampers a direct comparison. Therefore,
we included an additional technique in our system recently, spin-polarized secondary electron
emission, for magnetometry [2, 92]. This allows us now to probe the magnetic order and the
electronic states of the same sample with approximately the same probing depth.
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