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Abstract

We have studied the magnetic and structural properties of ultrathin Fe films grown on a Pd(11 1) substrate using
in situ surface magneto-optic Kerr effect (SMOKE), X-ray photoelectron spectroscopy (XPS), and low energy electron
diffraction (LEED). SMOKE measurements show that perpendicular magnetic anisotropy was partially induced by
post-annealing at 450 K for a 2.0 ML (monolayer, ML) film. For thicker (2.5 and 5.5 ML) films, a strong enhancement
of the Kerr signal was observed upon post-annealing at temperatures above 600 K. Underlying reasons, such as
morphological change and interdiffusion of Fe atoms into the Pd substrate, are discussed on the basis of the XPS and
LEED results. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Magnetic phenomena (cyclotron resonance, phase transitions, etc.); X-ray photoelectron spectroscopy; Surface structure,
morphology, roughness, and topography; Surface diffusion; Iron; Palladium; Magnetic films; Low index single crystal surfaces

1. Introduction

Ferromagnetic ultrathin surface layers and
multilayers have been studied very extensively in
the past two decades [1]. One reason for the in-
terest in such systems is that perpendicular mag-
netic anisotropy (PMA) can be induced since the
surface out-of-plane anisotropy can dominate over
the bulk anisotropy. Many studies have been
performed on various multilayer systems with the
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aim to enhance PMA. In this respect, thin Fe films
on various metal substrates have attracted partic-
ular interest. Fe/Ag(100) is one of the most
studied systems that shows spin reorientation as a
function of Fe film thickness [2,3] and post-
annealing temperature [4-7], and it has been
shown that Fe films on Cu(100) exhibit also very
complex magnetic behavior which is correlated to
their structure [8-13]: The Fe films have a face-
centered tetragonal structure which is ferromag-
netic below 5 ML. Between 6 and 11 ML, only the
top two layers have tetragonal expansion, and the
inner layers have an isotropic fcc structure, which
is antiferromagnetic [14,15]. This leads to the ob-
servation of the oscillating behavior of the Kerr
signal with thickness [11].
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Ferromagnetic thin films on a Pd substrate en-
joy additional scientific interest since the magnetic
moment of Pd atoms can be induced by ferro-
magnetic coupling with adjacent magnetic layers
[16]. We have recently investigated ultrathin mag-
netic Co films on Pd(111) [17], in connection with
the study of multilayered Co/Pd structures that
display PMA [18] as well as large magneto-optical
Kerr rotations in the ultraviolet spectral region
[19].

In this paper, we investigate thin Fe film on
Pd(111). With Fe being located next to Co in the
periodic table, it should be very instructive to
study the Fe/Pd system for reasons of comparison
with the Co/Pd case. However, due to a large lat-
tice mismatch of 4.2% between bee Fe (@ = 2.87 A)
and fcc Pd (a = 3.89 A), and a lattice mismatch of
even —8.4% between fcc Fe (a = 3.59 A) and Pd,
the epitaxy of the Fe/Pd(111) system should be
very ambiguous and complex. For this reason,
most of the studies on the Fe/Pd system have been
performed with Pd(100) as a substrate [20-23],
where the mismatch is reduced to only 3.3% for
bee Fe overlayers. The only previous study dealing
with the morphology of Fe films on Pd(111) was
performed with low energy electron diffraction
(LEED) and Auger electron spectroscopy (AES)
[24]. The growth mode was classified as complex
and significantly changing with the substrate tem-
perature, a flat surface was reportedly achieved for
the first two atomic layers grown on a 450 K
substrate. Such a complex epitaxy can affect the
magnetic properties of ultrathin films.

The importance of morphology in surface
magnetism have been noticed very early in this
field [25], but a detailed understanding was not
achieved until recently when changes in magnetic
anisotropy resulting from morphological changes
upon various annealing conditions were reported
for Fe/Ag(100) [7] and for Fe/Cu(100) [26]. The
growth mode of Fe on Ag(100) was classified
as neither layer-by-layer nor Stranski-Krastanov
[27], and the surface morphology was improved by
either growing or post-annealing the films at ele-
vated temperatures [28]. It was shown that such
spin reorientations can be interpreted by taking
roughness-induced dipolar surface anisotropy as
well as surface anisotropy into account [7]. The

observed spin reorientation of Fe films grown at
100 K on Cu(100) upon annealing at 350 K was
accompanied by considering smoothing of the Fe
film surface, which is similar to the Fe/Ag(100)
case [26].

In this study, changes of the surface magneto-
optic Kerr effect (SMOKE) signal from Fe films of
several monolayers (ML) thickness on Pd(111)
upon annealing were studied with the aim to elu-
cidate the effects of morphology on surface mag-
netism in the Fe/Pd(111) system. Especially, the
2.0 ML Fe case is of interest because this thickness
corresponds roughly to the critical thickness of
many thin film systems above which ferromagnetic
ordering appears at room temperature (RT), and
yet it is thin enough to possibly maintain PMA.
This is also reportedly the very thickness where
a flat surface was achieved by proper annealing
processes [24]. Therefore, a significant change in
the magnetic properties can be expected around
this thickness. Thicker films (Fe 2.5 and 5.5 ML)
were also studied for comparison. To investigate
the morphological changes and the chemical en-
vironment, we used LEED and X-ray photoelec-
tron spectroscopy (XPS).

In the following, we demonstrate that the
change in surface magnetism upon annealing is
caused by morphological changes as well as in-
terdiffusion of Fe atoms into the Pd substrate. The
structural and chemical changes after each an-
nealing step are found to be complex. The PMA is
only partially induced in the 2.0 ML Fe case upon
annealing at 450 K due to a flattened surface, and
an enhancement in SMOKE signal has been ob-
served upon high temperature annealing, when
interdiffusion of Fe atoms into Pd take place.

2. Experimental

The SMOKE, XPS, and LEED measurements
were performed in a home-made ultrahigh vacuum
(UHYV) chamber. The base pressure of the cham-
ber was 8 x 107! Torr. The Pd(111) substrate
was of disk-type with 10 mm diameter and 1 mm
thickness. The surface was cleaned by several cy-
cles of Ar" sputtering at 1 keV and annealing at
870 K in the UHV chamber until the crystal sur-
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face showed a well-defined LEED pattern with no
contamination detected in the XPS spectrum. The
light source for SMOKE measurement was a 10-
mW He-Ne laser with 1 = 623.8 nm.

The XPS spectra shown here were obtained
with unmonochromatized Mg K, radiation with
hv = 1253.6 eV. The overall resolution was 0.9 eV.
Since the O Auger spectrum excited by Mg K,
lines partly overlaps with the loss structure of the
Fe 2p photoemission (PE) lines, we also used Al
K, radiation with Av = 1486.6 ¢V to check O
contamination on the surface. No contamination
on Fe layers was detected for at least 3 h.

The Fe film was deposited on the Pd substrate
at room temperature by an e-beam heating method.
An iron wire of 99.99% purity was heated by
electron bombardment from a tungsten filament.
The film thickness was first calibrated using a
quartz thickness monitor, and was then cross-
checked by XPS using Fe 2p and Pd 3d core-level
PE line intensities at sub-ML coverage assuming
no island growth. The values obtained from these
two methods agree with each other within an error
of 10%. In this work, the Fe film thickness was
represented in units of one monolayer and 1 ML
was set as 1.32 x 10> Fe atoms cm™2, assuming a
pseudomorphic growth of the Fe film on the
Pd(111) surface.

The whole experiment proceeded as follows:
First, Fe films of various thicknesses up to 4.5 ML
were grown at RT, and SMOKE measurements
were performed. Then we again prepared 2.0, 2.5,
and 5.5 ML Fe films to study structure, morpho-
logical change, and magnetic properties before and
after the post-annealing processes using SMOKE,
XPS, and LEED.

3. Results and discussion
3.1. SMOKE results

In Fig. 1, longitudinal SMOKE signals of RT
deposited Fe films of various thickness (2.0, 2.5,
3.5, and 4.5 ML) are presented. No polar signal
was detected. Ferromagnetic hysteresis curves ap-
peared in films thicker than 2.5 ML, and the criti-
cal thickness at RT could be assigned a value
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Fig. 1. Longitudinal Kerr signals from Fe films of different
thickness.

between 2.0 and 2.5 ML. The coercivity increased
accordingly as the film became thicker. This seems
to be due to magnetic domain wall pinning in
thicker disordered Fe overlayers. In the Fe/
Pd(100) case, where almost layer-by-layer growth
was observed up to 2 ML, the critical thickness at
room temperature was between 1.3 and 1.7 ML
[23]. Considering even some uncertainties with
respect to thickness calibration, this value is very
different from ours, suggesting some morphologi-
cal difference between Fe films on Pd(100) and
Pd(111).

Fig. 2 shows variation of the SMOKE signals
from a 2.0 ML Fe film upon two different post-
annealing situations. After RT deposition, no
hysteresis loop can be observed for either longi-
tudinal or polar directions, and thus an Fe film on
Pd(111) is paramagnetic at RT up to this thick-
ness. Upon 450 K annealing, hysteresis curves
are observed for both directions, which indicates
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Fig. 2. Kerr signals from a 2.0 ML Fe film after RT deposition,
upon 450 and 600 K post-annealing processes.

that the magnetization vector is canted. The co-
existence of in-plane and out-of-plane hysteresis
curves is commonly observed in systems which
show spin reorientation [5,7,12,29]. The step in the
polar Kerr signal is not real, but an artifact due to
instrumental noise. Upon 600 K post-annealing, a
hysteresis loop disappears again for both direc-
tions.

For thicker films, different behavior in Kerr
signals is observed after post-annealing. The
SMOKE results are shown in Fig. 3. Ferromag-
netic Kerr signals in longitudinal direction are
observed after RT deposition, but a polar signal
could not be induced by any annealing process.
Upon 600 K (660 K) post-annealing of a 2.5 ML
(5.5 ML) film, there is an increase in coercivity as
well as in Kerr intensity. Further annealing at 750
K leads to a reduction of coercivity for the 2.5 ML
film. However, we cannot know the origin of these
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Fig. 3. Longitudinal Kerr signals from 2.5 and 5.5 ML Fe films
prepared by RT deposition, upon 450, 600, 660, and 750 K
post-annealing processes. Note the different magnetic field
scales.

magneto-optical properties from the SMOKE re-
sults alone, and more discussion will follow after
looking at the LEED and XPS results.

3.2. LEED results

At the end of the cleaning cycle of the Pd(111)
substrate, the LEED pattern showed sharp (1 x 1)
spots. However, evaporation of 2.0 ML of Fe
completely blurred the pattern, probably due to
disordered Fe atoms or island growth at the ini-
tial stage. Upon annealing at 450 K, the diffuse
p(1 x 1) pattern becomes visible, suggesting a flat-
tening and ordering effect of the process. This
agrees with a previous suggestion from Auger in-
tensity measurements [24] that a 2 ML Fe film
grown on a 450 K Pd(11 1) substrate becomes flat.
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After 600 K annealing, the spots become even
sharper, which again must be due to the flattening
of the surface as a whole or of the patches. All
LEED patterns, however, show different qualita-
tive I-V characteristics from each other. We also
could not see any indication of ordered Fe(110)
islands in bce structure, which is expected on the
basis of the large lattice mismatch.

From 2.5 and 5.5 ML films, we obtained similar
LEED results, and it can be concluded that the
annealing process flattens the surface of the film as
a whole or of the patches, for the thickness and
temperature range tested. This contrasts with the
reported RT layer-by-layer growth of Fe atoms on
Pd(100) [23], where lattice mismatch is smaller.

3.3. XPS results

Figs. 4 and 5 show the changes of the Fe 2p and
Pd 3d XPS spectra of a 2.0 ML Fe film upon an-
nealing. The spectra of various annealing stages
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Fig. 4. Fe 2p XPS spectra of Fe 2.0 ML film after room tem-
perature deposition (open circles), upon 450 K post-annealing
(solid line), and upon 600 K post-annealing (filled circles). The
inset shows 2p;, peaks in a narrow region.
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Fig. 5. Pd 3d XPS spectra of a 2.0 ML Fe film after RT de-
position (open circles), upon 450 K post-annealing (solid line),
and upon 600 K post-annealing (filled circles).

are shown together to compare the linewidths and
the binding energies. For 2.5 and 5.5 ML of Fe,
the spectra are shown separately (Figs. 6 and 7).
Finally, we show in Fig. 8 the relative change of Fe
2p and Pd 3d peak intensities upon annealing at
different temperatures. In addition, the peak in-
tensity ratios between Fe 2p and Pd 3d are listed in
Table 1. Although the estimation of the absolute
peak intensities has about a 10% error due to the
arbitrariness in background removal and due to
the slight change in photon flux, the errors of the
relative intensities in Table 1 have far less value
because the errors in both sides cancel each other
out.

3.3.1. 2.0 ML Fe film

For a 2.0 ML Fe film, it can be seen that the
width of the Fe 2p; , peak varies depending on the
annealing temperatures (Fig. 4). The width has a
minimum value when the film is annealed at 450
K. This reduction in the width compared with that
of the RT grown sample can be considered as the
result of flattening, because flattened film could be
associated with relatively uniform chemical envi-
ronments for Fe atoms compared with island
growth or disordered cases. This explanation is
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Fig. 6. Fe 2p and Pd 3d XPS spectra of 2.5 ML after RT deposition, and upon annealings at 450, 600, and 750 K. The vertical lines
mark the peak positions of Fe 2p;,, and Pd 3ds/; PE lines for the as-deposited case.

also supported by a slight increase of the Fe 2p
peak intensity (Fig. 8).

Upon 600 K annealing, both Fe 2p and Pd 3d
peaks are broadened and the peak intensity ratio is
decreased having nearly the same value as the as-
deposited case (Table 1). We can think of several
reasons for this observation: the partial dewetting
of Fe patches or the interdiffusion of Fe atoms into
the substrate or both of them. If only dewetting
occurred, Fe atoms should form island patches
whose chemical environment is more or less simi-
lar to that of Fe bulk. This requires that the Fe 2p
spectrum should resemble that of bulk Fe, which is
not the case in Fig. 4. On the other hand, inter-
diffusion is a more probable explanation because
Fe-Pd alloys are miscible over the whole compo-
sition range [30]. In addition, the satellite structure

of the Fe 2p,,, PE line at a binding energy of
around 731 eV becomes large, which may reflect
the dilution of Fe in the Pd substrate. A similar
behavior had been observed in the satellite inten-
sity change of Ni 2p levels of Ni-Pd alloys [31].
However, if this were the only process that hap-
pened, the Fe 2p peaks should be shifted towards
the higher binding energy side as in annealed 2.5
ML Fe film (Fig. 6), which again is not the case.
From this reasoning, we can conclude that part of
the flattened Fe layers on Pd(1 1 1) form islands by
dewetting, and part of the Fe atoms diffuse into
the Pd substrate and form local surface alloys.
This can also qualitatively explain the observed
LEED [I-V characteristics which are different both
for the 450 K annealed surface and for the as-
deposited surface.
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Fig. 7. Fe 2p and Pd 3d XPS spectra of 5.5 ML after RT deposition, and upon annealings at 600, 660, and 750 K. The vertical lines
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2.0 ML case. Upon annealing at 450 K, the peak
becomes sharper and is shifted towards higher
binding energies as compared to the 2.0 ML case,
but the size of the shift is reduced from +0.25 to
+0.05 eV. There is virtually no change in XPS
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peak intensity ratio upon 450 K annealing (Table
1). This implies that the Fe layer in the 2.5 ML
case is not much flattened as compared to the 2.0
ML case. Upon further annealing at 600 K, the Fe
2p;,, peak is broadened and shifted back to the
peak position of the as-deposited case while the
satellite structure is slightly enhanced. However,
upon annealing at 750 K, the 2p, , peak is greatly
broadened and shifted from 707.1 to 708 eV and
the satellite of 2p, , is now clearly visible. These
changes cannot be interpreted as oxide formation,
because, there is no contamination detected and
the binding energy of oxides are higher than 709
eV [32]. The Fe 2p peak intensity is reduced, while
the Pd 3d peak intensity is enhanced. All of these
observations can be explained by surface alloy
formation resulting from interdiffusion of Fe
atoms into the substrate.

In order to estimate the composition of the Fe
concentration of the surface alloy Fe,Pd; ., we use
Johansson and Martensson’s method for treating
core-level binding-energy shifts in alloys [33-35].
This method is based on a Born-Haber cycle in-
volving the heat of formation usually calculated
after Miedima [36]. The Fe 2p binding-energy shift
calculated in a simplified scheme [33] is AE = 0.12
(I —x) eV, which is far smaller than the observed
value. When we use the measured heat of forma-
tion of Fe in Pd [37], this relationship becomes
AE = 0.6 (1 —x) eV. This indicates that Fe atoms
are diluted in the Pd substrate.

This big change in the Fe 2p binding energy is
also accompanied by the shift in Pd 3d peak po-
sition by +0.15 eV. Applying the same method to
the Pd 3d binding-energy shift, we found that

AE = 1.66x eV, (1)

as in Ref. [22], where AE is the Pd 3d binding-
energy shift and x is the Fe concentration. Since
AE = 0.15 eV, we can estimate from Eq. (1) that
the Fe concentration is 9%.

To confirm this result, we compare the photo-
electron intensity ratio of 450 and 750 K annealed
films. Since the photoelectrons emitted from the
inner layers decay due to inelastic scattering
[38,39], we can estimate the composition of Fe-Pd
alloy layers. Assuming a pseudomorphic behavior

for the 450 K annealed film, the photoelectron
intensity ratio is given by

]Fe 2p

Ipg 34
05, exp(—nd/lxe) +0.55,  exp(-—nd/7r)
0.5 Z:iz CXp(—nd/;vpd) +0.5 2213 exp(—nd//lpd) ’

2)
where d is the interlayer spacing of Pd{111}. The
electron inelastic mean free paths have the values
Ape = 4.5 ML and Apg = 5.9 ML for Fe 2p and Pd
3d photoelectrons excited by Mg Ko radiation
[39]. The constant 4 represents the ratio of the
photoionization cross-sections and the effect of
analyzer transmission function. If we assume that
the surface alloy forms homogeneously with sharp
interface upon 750 K annealing, the photoelectron
intensity ratio would be

A

Ire 2 _
t=
xS0 exp(—nd ) Jg.)
(1= x) Y2 exp(—nd/Apa) + Y on; exp(—nd/ipa)’
(3)

A X

with the constraint
xx1=25,

where x is the Fe concentration and / is the
thickness of surface alloy in monolayers. This gives
x = 0.15, which is in agreement with the rough
estimation using Johansson and Martensson’s
model. Since an Fe-Pd bulk alloy is known to
show ferromagnetic ordering at RT for Fe com-
positions down to 12% [41], we believe 0.15 is the
more correct estimation.

3.3.3. 5.5 ML Fe film

The same explanation can be applied to the 5.5
ML film (Fig. 7). Any significant change in the Fe
2p main peaks does not happen even upon 750 K
annealing, and only a slight enhancement of the
satellite intensity is visible. This small change may
be expected because of the finite electron inelastic
mean free path discussed above; for photoelec-
trons from the Fe 2p levels within a Pd(111)
matrix, the mean free path is 4.5 ML [39]. This
means that for thicker films, we cannot get full
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information about the Fe atoms deep inside layers
or islands.

However, the Pd 3d peak is shifted from the
pure Pd(111) case by 0.32 and 0.57 eV upon 660
and 750 K annealing, respectively. This can be best
understood by the formation of a Fe—Pd surface
alloy resulting from Fe atom interdiffusion; using
Eq. (1), we can estimate that the Fe composition of
the surface alloy is about 34%, which is compa-
rable to the RT as-deposited Fe/Pd(1 00) case [22].
To confirm this estimation, we calculated also the
Fe concentration using Eq. (3). The result was
x = 0.39, which is in good agreement. The absence
of a Fe-Pd surface alloy on Pd(111) at RT is
probably due to its close-packed surface structure.
The 0.32 eV shift observed for the 660 K annealed
layer is in fact due to the co-existence of two peaks,
one for the above Fe-Pd alloy and the other for
pure Pd(111).

The reduction and the shift of the satellite
structure of Pd 3d;/, PE peak also reflects the fact
that there is some change in the electronic struc-
ture [40]. This interpretation is also in accordance
with the change of peak intensity (Fig. 8), because
interdiffusion will lead to a reduction of the Fe 2p
peak intensity and an enhancement of the Pd 3d
peak intensity.

Another piece of information we can get from a
change in peak intensities is that there is some
dewetting of the Fe layers upon 450 K annealing.
While the Fe 2p peak intensity is reduced, the Pd
3d peak intensity is enhanced upon 450 K an-
nealing. This is not an experimental artifact be-
cause the relative intensity ratio in Table 1, in
which errors are expected to be largely cancelled
by each other, also shows a reduction of the ratio
between Fe 2p and Pd 3d peak intensities. The
apparent enhancement of both peak intensities
upon 600 K annealing seems to be due to the onset
of interdiffusion.

Before discussing the relationship between
magnetic and morphological changes upon an-
nealing, we will shortly summarize LEED and
XPS results for the 2.0, 2.5, and 5.5 ML Fe films.
For the 2.0 and 2.5 ML films, post-annealing at
450 K flattens the surface. But further annealing at
600 K leads to partial dewetting and partial in-
terdiffusion, and at 750 K, strong interdiffusion

occurs at least for the 2.5 ML film. For thicker film
(5.5 ML), dewetting occurs at 450 K, and inter-
diffusion is followed after annealing at tempera-
tures higher than 600 K.

4. Relation between SMOKE, LEED, and XPS
results

4.1. 2.0 ML Fe film

From the preceding morphology study, we can
characterize that a 2.0 ML Fe film post-annealed
at 450 K is relatively flat without interdiffusion at
the interface. For a 2.0 ML film, since we observed
hysteresis loops both in longitudinal and polar
directions, we can conclude that magnetic aniso-
tropy is induced by a proper change in morpho-
logy. Similar results have been reported in other
systems such as Fe/Cu(100) [26] and Fe/Ag(100)
[7,12]. In the Fe/Cu(100) case, it was observed
that there is an irreversible spin reorientation from
a longitudinal to a polar direction for a 6 ML Fe
film grown at 100 K, and it was concluded from
STM measurement that reorientation was caused
by smoothing the film surface. A similar explana-
tion was given for the Fe/Ag(100) case. In both
cases, the induction of PMA was observed at a
thickness where longitudinal magnetic anisotropy
was present before annealing. In our case, mag-
netic anisotropy both in the longitudinal and the
polar direction was induced at the thickness where
no ferromagnetic behavior was detected at RT,
probably because of the small size of disordered Fe
patches at RT. The induced PMA in all these cases
can be interpreted as a result of an increase in
surface anisotropy after post-annealing, the mag-
nitude of which is more than enough to compen-
sate the decrease in roughness-induced dipolar
surface anisotropy [7].

Upon 600 K post-annealing, a ferromagnetic
hysteresis loop was not observed in the 2.0 ML
case, for which we conjectured that both dewetting
and interdiffusion take place. In this case, the Fe
islands, which seem to be more or less pseudo-
morphic to the Pd(111) substrate, are probably
too small to order ferromagnetically. For Fe
atoms of surface alloy, the disappearance may
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seem strange because an Fe-Pd bulk alloy is fer-
romagnetic at RT for Fe compositions down to
12% [41]. If interdiffusion leads to Fe-Pd alloy
formation whose Fe concentration is below this
value, then the alloy film would be paramagnetic.
Since 2.5 ML Fe film becomes ferromagnetic
Fe-Pd surface alloy whose Fe concentration is
about 14%, we can conclude that the surface alloy
formed by annealing of 2.0 ML Fe film has a lower
Fe concentration than this case.

4.2. 2.5 and 5.5 ML Fe films

In Fig. 3, enhancements of the Kerr signals
for the 2.5 and 5.5 ML films were observed by
more than 200% and 300%, respectively. There
might have been some change in reflectivity upon
post-annealing, but it is not probable that this
reflectivity change alone caused such strong en-
hancements. For a Co-Pt(111) surface alloy, it
has been estimated that reflectivity changes could
explain only about one-third of the observed 300%
enhancement of the Kerr signal [42].

Microscopically, the coupling between the
electric field of light and the electron spin within a
magnetic medium occurs through the spin—orbit
interaction, and the Kerr effect manifests itself
because of the unbalanced population of electron
spins for ferromagnetic materials. Therefore, a
change in the Kerr signal can result from changes
in spin—orbit interaction in ferromagnetic materi-
als [43]. In our case, an enhancement of the Kerr
signal was observed simultaneously with the in-
terdiffusion of Fe atoms. For the 2.5 ML film, the
Kerr signal was enhanced upon a 600 K annealing
step, and at the same time a significant reduction
in the Fe 2p PE peak intensity occurred (Fig. 8).
For the 5.5 ML film, only after the 660 K an-
nealing, a simultaneous Kerr signal enhancement
and a reduction in the Fe 2p PE peak intensity
were observed. From these observations, we can
conclude that in the 2.5 and 5.5 ML cases, the
mechanism of enhancing the Kerr signal is closely
related to the formation of a surface alloy as dis-
cussed in Ref. [42]. In previous calculations [44,45],
spin—orbit coupling enhancement was expected in
the cases of Fe or Co multilayers or intermetallics
with Pd or Pt, which in turn affects the polar Kerr

rotations. The interdiffusion will cause part of the
Fe atoms to be in contact with Pd atoms, which is
different from the low temperature case, where
only Fe atoms at the interface can be influenced by
adjacent Pd atoms.

Another probable explanation is based on the
enhanced magnetic moments of Fe and Pd, the
latter being highly expected because of giant mag-
netic moment behavior in bulk alloys [46,47]. All
of these might cause the huge change observed in
Kerr rotation.

Fig. 3 also showed that post-annealing en-
hances coercivity as well as the Kerr signal in-
tensity when interdiffusion occurs. This can be
interpreted as a result of magnetic domain wall
pinning, centers of which are largely removed by
750 K annealing.

In the 2.5 and 5.5 ML Fe film cases, a ferro-
magnetic Kerr signal in polar direction could not
be detected upon annealing. The difference be-
tween 2.0 ML and thicker films can be explained
by the thickness dependence of the magnetic an-
isotropy energy. From a phenomenological point
of view, the critical thickness for PMA is between
2.0 and 2.5 ML, above which the volume aniso-
tropy contribution outweighs the surface contri-
bution and suppresses PMA.

5. Conclusions

To summarize, magnetic and morphological
properties of ultrathin Fe films grown on a
Pd(111) surface were investigated using SMOKE,
LEED, and XPS. By combining the experimental
results, the change in morphology by a suitable
annealing process was shown to induce ferro-
magnetism in the Fe/Pd(111) system around a
critical Fe film thickness of about 2 ML. A flat
surface with a sharp interface could be achieved by
450 K post-annealing, and magnetizations both in
longitudinal and in polar direction were concur-
rently induced. Further annealing at 600 K com-
pletely demagnetized the film because of dewetting
and because of the onset of Fe-diluted surface al-
loy formation.

For thicker films, a different type of change of
the Kerr signal was observed. There were only
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longitudinal SMOKE signals after RT deposition,
and no polar signal was detected. For a 5.5 ML
film, annealing at 450 K leads to a slight dewetting
of Fe layers. An enhancement of the Kerr signal
was also observed upon annealing steps at 600 and
660 K for 2.5 and 5.5 ML, respectively, accom-
panied by a reduction in the relative XPS intensity
ratio and an enhancement of the Fe 2p PE satellite
peaks. These observations indicate the formation
of surface alloy as a result of Fe interdiffusion. The
Kerr signal was also enhanced in these cases.

These observations show that interdiffusion as
well as morphological changes can affect the
magnetic and magneto-optical properties of the
Fe/Pd(111) systems.
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