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Abstract. We report on magnetic phenomena exhibited by iron islands on W(110) which
have been obtained by evaporating iron at room temperature onto a W(110) surface and finally
annealing to about 1000 K. This phase transition from thin films to islands has been studied
with LEED and soft-x-ray photoelectron spectroscopy. By virtue of magnetic linear (MLDAD)
and circular dichroism (MCDAD) in photoemission, we investigate the magnetic behaviour of
both the iron films and the islands. Iron islands exhibit a different easy-magnetization direction
as compared to thin iron films.

1. Introduction

Magnetic phenomena exhibited by transition metals in low-dimensional systems have
become an attractive subject in recent years. The reduced symmetry and the lower
coordination number (number of nearest neighbours) often lead to novel magnetic properties
which differ dramatically from those of the respective bulk material, e.g., unexpected
magnetic anisotropies or surprisingly low Curie temperatures [1]. Due to the high
fundamental and technical relevance of the magnetic nanostructures, a significant theoretical
and experimental effort has been devoted to epitaxial thin films and deposited clusters,
and has recently brought about considerable progress. Nevertheless, to the best of our
knowledge, most of this work has focused on the growth mode, the stability, the electronic
properties and the magnetism of thin films. The aim of our paper is to provide experimental
information about the magnetic behaviour of iron islands.

In the present article we discuss the magnetic properties of iron islands on W(110),
which are created by heating a flat and well-ordered Fe film to temperatures of about
1000 K. The free-surface energies of tungsten and iron result in a layer-by-layer growth
mode of iron on this crystal. Also, tungsten is a very convenient substrate as its kinetic
barriers are so high that interdiffusion as well as alloy or compound formation are avoided.
A detailed experimental analysis of Fe/W(110) has been carried out with, e.g., AES, LEED
and TDS [2], spin-resolved photoemission [3, 4], magnetic circular and linear dichroism in
UPS [5], STM and STS [6, 7], SPLEED [8], conversion-electron Mössbauer spectroscopy
and torsion-oscillation magnetometry (see, e.g., [9]).

The magnetic properties of both the thin iron films and the islands shown in this article
have been studied withmagnetic circular and linear dichroism in photoemission(MCDAD
and MLDAD) using tunable synchrotron radiation in the soft-x-ray region. Since magnetic
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dichroism means that the spin-dependent photoexcitation from a ferromagnetically ordered
system is already manifested in the photoelectron intensity distributions, MCDAD [10,
11] and MLDAD [12, 13] in photoemission became appropriate techniques for studying
magnetic phenomena exhibited by solids and thin films without time-consuming spin
resolution. Both experimental methods are theoretically described in several publications
[14–16]. Briefly, MCDAD and MLDAD at the spin–orbit-split Fe 3p1/2 and 3p3/2 levels
arise from an energetic splitting of theml-sublevels (ml : magnetic quantum number), which
is induced by the interaction of the core level with the magnetically polarized valence band.

Figure 1. A sketch of the experimental geometry. The W[11̄0] direction is oriented along
the x-axis and the W[001] direction along they-axis. The incoming photon beam lies in the
xz-plane, and the angleθph is about 60◦ with respect to the surface normal (thez-axis). The
sample is remanently magnetized either alongx (in the case of MCDAD) ory (for MLDAD).

2. Experimental details

The experiment was carried out in an UHV chamber (base pressure: 1× 10−10 mbar)
equipped with a four-grid LEED system for surface characterization. Photoelectrons are
collected in normal emission using a fixed-in-space electron energy spectrometer with a
resolution set to approximately 250 meV. The angle of incidenceθph is about 60◦ with
respect to the surface normal. As shown in figure 1, the tungsten crystal is oriented with
its [11̄0] direction along thex-axis and the W[001] direction parallel to they-axis. The
experimental set-up exhibits a‘chirality’ which is essential for dichroic effects. For MCDAD
measurements in normal emission, at least one component of the magnetization vectorM
has to point along the photon beam direction (in our case, MCDAD:M‖x). In contrast, for
MLDAD the magnetization has to be perpendicular to the photon beam and to the direction
of normal emission (i.e.,M‖y) to induce a chirality throughout the experimental set-up.

The iron films are prepared at room temperature on a W(110) crystal with an electron
beam evaporator using thin rods as the evaporant material. During evaporation the pressure
is kept below 4× 10−10 mbar. An integrated flux monitor facilitates provision of a
reproducible growth rate. The tungsten crystal is cleaned by heating in oxygen and flashing
to 2600 K. Iron islands are created by heating an epitaxial Fe film to about 1000 K. The
magnetization is performed at room temperature by means of a current pulse through two
coils close to the sample, either along thex-axis (MCDAD) or they-axis (MLDAD).
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We have carried out these experiments at the storage ring BESSY using the SX700/3
monochromator. The MCDAD technique requires tunable circularly polarized radiation,
while for MLDAD linearly polarized light has to be supplied. Storage rings provide linearly
(in-the-orbit-plane) as well as circularly (out-of-plane) polarized radiation over a large
photon energy range. The monochromator chosen for our experiments has two separate
pre-mirrors for right and left circularly polarized radiation. All of the optical elements are
used in grazing incidence to conserve the degree of circular polarization. The degree of
circular polarizationPcirc varies with the photon energy; in this experiment (out-of-plane
angleψ = ±0.9 mrad,hν = 150 eV)Pcirc is about 60% [17].

Figure 2. A LEED pattern for iron islands on tungsten. The electron energy of this pattern
is 121 eV. The long axis of the reciprocal lattice corresponds to the W[001] direction pointing
along they-axis in figure 1. The inner part is due to the W(110) substrate, while the outer part
originates from the bcc (110) iron islands.

3. Results and discussion

The free-surface energies of tungsten and iron (γW = 2.9 J m−2, γFe= 2.0 J m−2) strongly
favour monolayer nucleation rather than other possible nucleation modes, such as three-
dimensional island formation. Consequently, thermal evaporation of iron on W(110) at
room temperature leads to epitaxial bcc (110) Fe films. After the first four layers, which
grow as bilayers, are complete, aFrank–van der Merwegrowth mode (i.e., layer-by-layer
growth) is observed. In contrast to the case for bulk iron with its easy-magnetization axis
along the〈100〉 directions, the surface anisotropy causes the easy-magnetization axis for
thin Fe films to liein the planealong the [1̄10] axis [18].
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Although there is a large lattice misfit of 9.4%, thermodynamically stable pseudomorphic
growth, i.e., with the same lattice parameter as the substrate, is observed up to about two
monolayers [2]. Due to the smaller atomic size and lattice constants of iron as compared to
those for tungsten, the pseudomorphic monolayers are geometrically strained with respect
to the tungsten crystal surface. With the film thickness increasing, the lattice strain plays
an even more important role and the periodic lattice distortions compensate for the misfit
between the lattice parameter of the bcc W substrate and that of the bcc bulk Fe. The
first pseudomorphic monolayer is thermally stable up to 1000 K, whereas multilayers are
thermally unstable, either nucleating into 3D islands or evaporating from the substrate above
550 K [2]. No alloy formation has been observed up to now.

Figure 3. Soft-x-ray photoemission spectra taken for normal emission at 130 eV for opposite
magnetization directions (M+ andM−). Left-hand panel: the spectrum without background
subtraction; the dashed line indicates the Shirley background. Right-hand panel: the same
spectrum after background subtraction. The corresponding asymmetries are shown in the lower
panels (open squares); the full lines are fitting curves to guide the eye.

The phase transition from the epitaxial films evaporated at room temperature to the
island structure is clearly identified by LEED investigation in our experiments (see figure 2).
Before heating the iron films (two up to 10 ML Fe), the LEED pattern displays the well-
known superstructures published more than ten years ago by Gradmann and co-workers
[2]. After heating, we observe LEED patterns of two bcc (110) lattices with different lattice
constants at a kinetic energy of 121 eV. The inner part is due to the W(110) substrate, while
the outer pattern originates from the bcc (110) Fe islands. A more detailed analysis of the
intensity distribution in the LEED spots could give information on the island size distribution
[19]. For this purpose, however, a highly resolving system is more appropriate. As a first
guess, the island size determined from the spot diameter (FWHM) gives significantly too
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small values compared to STM data. In this contribution the LEED records merely serve to
monitor the successful phase transition from thin films to an island structure. Recent STM
measurements made by our group show that an annealing to about 1000 K does indeed create
well-ordered 3D iron islands which are atomically flat on top. Hence, these data confirm
previous STM measurements [7] showing that an annealing of iron multilayers on W(110)
to about 1000 K causes a nucleation of relaxed bcc (110) Fe islands (with the lattice constant
of bulk iron) which are oriented along the W[001] direction. The island height after heating
an epitaxially grown 8 ML iron film reaches about 30–50 ML. However, one complete iron
layer is still left on the tungsten substrate—cf. data from Mössbauer analysis [9].

Figure 3 shows the Fe 3p energy distribution curves (taken with opposite magnetization
directionsM+ andM−) and the corresponding asymmetry for iron islands obtained with
linearly p-polarized light. The left-hand panel of figure 3 displays a Fe 3p photoemission
spectrum without background subtraction. Notice that the peak in figure 3(a) rides on a
background of secondary electrons increasing in intensity towards higher binding energy.
In order to determine the Fe 3p line-shapes, a Shirley background subtraction (the dashed
line in figure 3(a)) has been performed, as shown in the right-hand panel of figure 3. It
is worth mentioning here that the asymmetry (i.e. the MLDAD effect) without background
subtraction is about 7%, while after background subtraction the asymmetry increases up
to 22%, which is approximately a factor of three larger than before (cf. figures 3(b) and
3(d)). It should be noted that there are scatter points in figure 3(d), which correspond
to regions of low electron intensity (see figure 3(c)). It is clear that here the intensity
difference might be much larger than the corresponding sum, giving rise to the divergence
in the corresponding asymmetry function (according to the definition of the asymmetry:
AMLDAD = (I+ − I−)/(I+ + I−)). Without going into a thorough analysis of the energy
dependence of the asymmetry, here it is already obvious that the MLDAD effect can lead
to extremely high asymmetry values.

For highlighting the different magnetic behaviours of thin iron films and iron islands,
now we use both linearly and circularly polarized radiation and magnetize the sample along
two directions (i.e., W[1̄10] and W[001]) without rotating it. As examples, we present Fe
3p photoelectron spectra for epitaxial iron films (the left-hand panel in figure 4) and iron
islands (the right-hand panel in figure 4) taken withhν = 150 eV with a film thickness of
6.5 ML. The sample is irradiated with left (LCP) and right circularly polarized (RCP) and
linearly p-polarized (LP) light. In order to demonstrate the MLDAD and MCDAD effects
simultaneously, we chose a photon energy of 150 eV, for which the two effects are non-
vanishing and the two asymmetry values as well as the photon flux from the monochromator
are high. The bold curves in the lower part of each panel (with the same scale in figures
4(a)–4(f )) represent fitting curves for the corresponding intensity differences (open squares).
When using circularly polarized radiation (the upper four diagrams), the magnetization
direction is chosen collinear with W[11̄0] (cf. the inset in figure 4(b)). For linearly polarized
(LP) light, on the other hand, the magnetization vectorM points along W[001] or Fe[001]
(cf. the inset in figure 4(c)). The results for epitaxial iron films (see figures 4(a) and 4(b))
clearly show different photoelectron intensities in the Fe 3p peak maximum, i.e., a magnetic
effect, when using circularly polarized radiation with the magnetizationM parallel to the
W[11̄0] direction. Furthermore, the sign of the intensity difference is reversed by switching
the helicity of the incoming photon beam from LCP to RCP or vice versa. Due to the dipole
selection rules for circularly polarized light (1m = ±1), the excited electrons are polarized
along the photon spin direction. Reversing the photon helicity leads to an excitation of
electrons with opposite spin.

In the case of linearly polarized light (figure 4(c)) with the magnetization vector
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Figure 4. Photoemission spectra from the Fe 3p orbital for iron films and iron islands taken at
hν = 150 eV (for opposite magnetization directions,M+ andM−) with left (LCP) and right
circularly polarized (RCP) and linearly p-polarized (LP) light. Lower part of each panel: the
corresponding intensity difference (open squares); the bold curves are fitting curves obtained by
a simple averaging procedure. The insets represent the magnetization direction: ((a), (b), (d),
(e))M‖W[11̄0]; ((c), (f ))M‖W[001].

M‖W[001], no significant magnetic effect can be observed for Fe films. Obviously, the
easy-magnetization direction for thin Fe films always liesin the planealong the [1̄10]
direction due to the surface anisotropy (cf. figures 4(a)–(c)). One of the interesting results
of the present study, shown in the right-hand panel of figure 4, is that the photoemission data
for iron islands, on the other hand, display a pronounced MLDAD effect (see figure 4(f )),
whereas the MCDAD effect vanishes (cf. figures 4(d)–4(e)). Indeed, these results prove
that the island structure can be remanently magnetized in the Fe[001] direction, which is
the easy-magnetization axis for bulk iron. Thus the results illustrate a rotation of the easy-
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magnetization direction from [1̄10] for thin epitaxial iron films to the [001] axis after creating
iron islands on W(110) by heating the thin film to about 1000 K. The effect displayed
in figure 4(f ) cannot result from a magnetic ordering of the underlying iron monolayer,
since the iron thin film has a strong surface anisotropy along the [11̄0] direction. The
magnetization direction lying along the [001] axis is favoured by the rectangular shape of
the iron islands with the long axis of the Fe rectangle pointing along the W[001] direction;
for details of the shapes of the Fe islands, see references [7, 20]. Thus the easy-magnetization
axis of thin films along the [1̄10] direction can be understood in terms of a surface anisotropy,
whereas for iron islands, the easy-magnetization axis (along the in-plane [001] direction)
is induced by the shape anisotropy as well as by the easy-magnetization axis of bulk iron.
The size of the iron islands strongly depends on the cleanliness of the substrate and the
parameters (temperatures, time) of the subsequent heating. So far it appears as if the island
shape and the relaxation in the lattice constant are the dominant factors which determine
the rotation of the easy-magnetization axis. The island height, on the other hand, possibly
plays a minor role. Nevertheless, this phenomenon is supported by the decreasing influence
of the surface anisotropy with increasing thickness of iron. At a coverage of 40–50 ML
of epitaxially grown Fe on W(110), the easy-magnetization axis changes from W[11̄0] to
the W[001] direction. This effect was first observed by Gradmann and co-workers [18] and
later confirmed by different groups [3, 4].

We observe a similar rotation already at a coverage of 2–10 ML and subsequent heating
in order to induce island formation. In fact, however, we are not yet able to determine
a definite value for the onset of the easy-magnetization rotation, since we started our
investigation at a coverage of two monolayers of iron, at which stage this phenomenon
was already present. The growth of iron on W(110), especially in the regime from 1 up
to 4 ML, exhibits several interesting features. Between 1 and 1.8 ML monolayers, iron
evaporated at room temperature forms islands which grow anisotropically along the W[001]
direction [6] and, additionally, a perpendicular anisotropy has been observed for films from
1.2–1.5 ML thick [8]. With increasing coverage (>1.8 ML), a two-dimensional distortion
network appears.

The onset of magnetic effects for Fe/W(110) in the submonolayer regime (M‖W[11̄0])
has already been determined together with the coalescence of iron islands (see reference [8]).
At the moment, no experimental data are available on the magnetic behaviour (M‖W[001])
of iron islands below a corresponding coverage of 2 ML. We will try to extend our
experiments into this region.

The magnetic circular and linear dichroism in photoemission are very surface sensitive
and enable one to observe magnetic phenomena without spin resolution. On the other hand,
it is very difficult to separate the spin and orbital components from the spectra in order
to determine the magnetic moments. Possibly, this could be done via model calculations
where only one parameter is varied. The first fully relativistic photoemission calculations
with respect to MCDAD at the Fe 3p levels are just being carried out [21].

4. Summary

In summary, it should be emphasized that surface anisotropies for thin iron films on W(110)
play an important role, giving rise to the easy-magnetization direction lying along the [11̄0]
axis. Subsequent heating of the sample leads to the nucleation of incommensurately ordered,
flat bcc (110) Fe islands on top of a monolayer of iron on the W(110) crystal. These
iron islands are oriented along the W[001] direction and can be magnetized remanently
along the easy-magnetization direction of the respective iron bulk crystals, i.e. along the
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[001] direction. The influence of the lateral dimensions of the islands and of the thickness
distribution has still to be explored. Nevertheless, that there is a rotation of the easy axis
upon the phase transition from a thin film to island structure can be clearly stated.
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