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Abstract
The remanent magnetization and the magnetic anisotropy energy of
5–16 monolayer (ML) epitaxial Fe films grown on GaAs(001) were
quantitatively monitored in situ by superconducting quantum interference
device magnetometry and ferromagnetic resonance as a function of oxygen
exposure at 300 K. We find that at an oxygen dose of 10 L the perpendicular
uniaxial anisotropy K2⊥ decreases by almost 50%, whereas the magnetization
is decreased by 8% only in the case of a 5 ML Fe film. The fourfold anisotropy
constant K4 and in-plane uniaxial anisotropy constant K2‖, however, remain
unchanged. Low-energy electron diffraction spots of the Fe surface disappear
after 6 L of oxygen, indicating a disordered Fe oxide growth. For exposures
below 70 L we observe a reduction of the remanent magnetization irrespective
of the film thickness. At exposures >70 L we find a faster decrease of
the remanent magnetization for the thinner films which is attributed to the
finite size effect and a thickness dependent surface roughness of the iron
films, respectively. As evidenced by Auger electron spectroscopy and x-ray
diffraction, the iron oxide is found to be FeO in the first stage of oxidation,
transforming into γ -Fe2O3 at higher dosages (>1000 L).

1. Introduction

The oxidation of iron surfaces has been a subject of intense research for several decades [1]. Fe
oxide films have been selectively prepared by various methods including, for example, growth
of Fe3O4 films using sputter deposition from iron oxide targets [2] or co-deposition of Fe
in an atomic oxygen atmosphere [3] including a post-annealing procedure. Fe2O3 films of
greater thickness ranging from 80 to 520 nm were fabricated using pulsed laser deposition
(PLD) [4]. Most of the studies dealt with the question of how Fe surfaces are oxidized
as a function of oxygen exposure and temperature and focused on structural, chemical and
electronic properties [5–7]. Ab initio calculations on a Fe(001) surface by Bloński et al
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predicted a preferred oxygen adsorption at the fourfold hollow sites on the (001) surface
at an oxygen coverage of 1/4 monolayers (ML) which also corresponds to the c(2 × 2)

reconstruction [8] observed by low-energy electron diffraction (LEED) [9]. In the literature
there exist contradictory results on the formation of the Fe(001)c(2 × 2)-O superstructure in
LEED imaging during the initial step of chemisorption of oxygen [10]. The incorporation of O
into the Fe film has been observed at exposures of 3 and 20 L [7].

Only a little experimental work has been done on the influence of oxygen dosage on the
magnetic parameters of Fe films. Bloński et al [8] predicted that the presence of oxygen can
increase the magnetic moment of Fe atoms in the topmost layer by up to 25% and to some
extent can even increase the magnetic moments of the Fe layers underneath. The degree of
increase of the magnetic moments depends on the sites of the oxygen on or in the Fe film.
Salvietti et al found by spin polarized He∗ de-excitation spectroscopy that above 3–4 L oxygen
an oxide surface layer is formed which is magnetically inactive since the asymmetry of the spin-
selected density of states vanishes [11]. Using conversion Mössbauer spectroscopy (CEMS) a
spin-glass-like frustrated state of the magnetic moments in a thin oxide layer was observed [12]
which was obtained by exposure of Fe in air. The reason for the absence of work on magnetic
data stems from the fact that quantitative measurements of the magnetization and the magnetic
anisotropy require the preparation of thin Fe films on a non-ferromagnetic substrate and in situ
magnetic characterization techniques. Getzlaff et al, who employed angle and spin resolved
photoelectron spectroscopy on Fe(110) films exposed to oxygen, found an exchange splitting of
the O 2px level which indicates a magnetic coupling between the chemisorbed oxygen and the
Fe layer [13]. However, these measurements only indirectly probe the magnetic moments and
did not yield magnetic information above 15 L oxygen. The current work presents a detailed
study of the evolution of the remanent magnetization by measuring the magnetic stray field
of the whole magnetic film and the magnetic anisotropy of lattice distorted Fe monolayers on
GaAs(001) exposed to oxygen at exposures up to 25 000 L.

2. Experimental details

The experiments were carried out in a UHV chamber at a base pressure of 2 × 10−10 mbar.
Prior to Fe deposition the GaAs(001) substrate was heated to 600 ◦C and sputtered by Ar ions
at 500 eV, target current It = 5 μA and Ar pressure pAr = 1 × 10−5 mbar for 30 min.
This results in a clean 4 × 6 reconstructed surface [14] characteristic of a flat Ga rich surface
which was confirmed by low-energy electron diffraction (LEED). After cooling down to room
temperature, Auger electron spectroscopy (AES) did not show any residual C or O. Fe films
were grown by e-beam evaporation at pressures below 10−9 mbar at 300 K and evaporation
rates of 1 ML Fe (=1.43 Å) per minute. AES reveals Fe surfaces with only traces of O
corresponding to a coverage below 0.1 ML. Our UHV system is also equipped with facilities
for in situ scanning superconducting quantum interference device (SQUID) magnetometry [15]
and in situ ferromagnetic resonance (FMR). A quartz microbalance was used for measuring the
thickness of the deposited Fe films. Structural effects of the Fe oxide formation were studied
using LEED and Intensity/Voltage (IV) LEED.

In order to find the absolute values of the sample magnetization M the z-component of
the magnetic stray field was recorded as a function of position x and y at a height h above
the Fe film with a SQUID sensor [15]. The films were magnetically saturated along the
easy axis. The easy axis of magnetization of thin Fe films on GaAs is oriented along the
[1 1 0] direction due to a large uniaxial in-plane anisotropy originating from the Fe/GaAs
interface [16]. We oriented the GaAs substrate such that the [1 1 0] direction coincides with
the scanning direction of the SQUID (denoted as the x direction in figure 1). A qualitative
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Figure 1. Schematics of the in situ SQUID setup. The magnetic stray field component Bz for
a ferromagnetic film with the magnetization directed along the x-axis is shown at a fixed height
z ≈ h. The sample is scanned along x .

(a)

(b)

Figure 2. Magnetic stray field component Bz as a function of position x (at y = 0) for an 8 ML Fe
film on GaAs(001) before (a) and after exposure to 504 L oxygen (b) at 300 K. Fits according to
equation (A.1) are plotted together with the experimental data.

sketch of the distribution of the z-component of the sample stray field in the x, y-plane is
added, plotted for a typical distance h of the SQUID sensor from the saturated Fe film. The
stray field of a homogenously in-plane magnetized film of square shape has been calculated
analytically. The analytical solution for the z-component of the stray field can be found in the
appendix. By fitting the analytical expression for the magnetic field to the experimental data
the sample magnetization was deduced absolutely. Figure 2 shows two line scans across the
centre of an 8 ML Fe film before and after oxidation with 504 L O2. From the magnitude
of the magnetization M measured without oxygen, which equals the Fe bulk value within the
error bar, we conclude that the sample is in a homogenously magnetized single domain state.
The uncertainty of the absolute magnetization determination is below 5% whereas the relative
deviation during oxidation steps is below 1%. All films under investigation, including a 5, 8
and 16 ML Fe film, showed an in-plane easy axis of magnetization along [1 1 0], which means
that even for the 16 ML film no in-plane reorientation of the easy axis of magnetization along
the [100] direction took place in accordance with [17].

Angular dependent in situ FMR measurements are performed in the same apparatus as
described earlier [18]. The measurements were carried out at f = 4 and 9 GHz with the
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Figure 3. Intensity of the central (0, 0) LEED spot as a function of primary electron energy. The
inset shows the peak energies versus square of the order of Bragg reflection. The slope of the linear
fit is used to determine the vertical interlayer distance d.

external magnetic field applied along the in-plane [1 1̄ 0] direction with respect to the GaAs
substrate. Anisotropy constants were determined from polar angle dependences within the
([1 1̄ 0], z) plane, z being the film normal, as described in detail in [16] for example. Pure
oxygen (99.998 vol%) was dosed in exposure steps of 200 s with pressures ranging from
5 × 10−9 to 5 × 10−5 mbar.

3. Experimental results and discussion

Formation of Fe oxides is accompanied by a change of the lattice parameter, since oxygen
atoms have a greater ionic diameter than Fe atoms and ions. We studied the vertical inter
layer spacing during the Fe oxide formation by IV-LEED. A typical IV-LEED spectrum is
shown in figure 3. The lowest order Bragg peak to be evaluated is E = 140 eV (n = 3).
For high-energy electrons the influence of the inner potential V is negligible, and the band
structure approaches that of free electrons. In figure 3 small peaks at E = 55, 70, 96, 196 and
229 eV which are not Bragg peaks arise from multiple scattering and are therefore not taken
into consideration. Analysing the slope of E over n2 (inset of figure 3) according to [25] we
determine the vertical interlayer distance d . For various oxygen doses on a 33 ML Fe film at
room temperature we were able to carry out the measurements up to oxygen exposures above
50 L. Beyond this dose diffraction spots become very diffuse, and the analysis of IV-LEED
spectra is no longer possible. We observed at all film thicknesses that an oxygen exposure
of 6 L destroys the LEED pattern of the Fe(001) surface. Nevertheless the intensity variation
upon variation of the electron energy can even be observed at higher exposures which can be
understood from the larger penetration depth of the electrons at higher energies. Figure 4 shows
the averaged interlayer distance at successive oxidation steps. Without exposing the film to
oxygen we observe an increased interlayer distance as compared to Fe bulk, which is explained
by the epitaxial growth of Fe (a = 2.866 Å) on GaAs(001) (a = 5.653 Å) [27]. The lateral
isotropic lattice compression of 1.4% causes the increase of the vertical interlayer distance by
2.2% (d33 ML Fe

inter = 1.464 ± 0.005 Å) compared to the α-Fe bulk value (dbulk Fe
inter = 1.433 Å) for

the measured 33 ML Fe film. A thickness dependent measurement of the vertical interlayer
distance (not presented here) shows an increased interlayer distance of about 3% up to a Fe
thickness of 20 ML. Above this thickness the interlayer spacing decreases again. Filipe et al
[26] found that the vertical lattice constant relaxes towards its bulk value at a Fe thickness of
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Figure 4. The change of the averaged vertical layer spacing d of the topmost Fe layers during
oxygen exposure derived from IV-LEED measurements.

about 160 ML. After an initial dose of only 1.5 L oxygen we find a decrease in the vertical
lattice constant of about 0.7%. This corresponds to a decrease of vertical strain of more
than 30% which may be attributed to a charge transfer from the Fe atoms to the chemisorbed
oxygen. With increasing oxygen exposure one again finds an enlargement of the interlayer
distance, since now Fe oxides are formed and all Fe oxides have a greater interlayer distance
along their principal [0 0 1] direction in comparison to α-Fe, e.g. dFeO

inter = 2.166 Å and

dγ−Fe2O3
inter = 2.0805 Å. It will be shown later that the Fe oxide thickness will not exceed

2 ML for a dosage up to 50 L oxygen. Thus, one should note that due to the exponentially
damped penetration depth of the electrons part of the underlying Fe film is probed as well
and an averaged interlayer distance is observed that is smaller than that of the oxides. At the
initial stage of oxidation we performed online monitoring of the LEED image of a 33 ML
Fe/GaAs(001) film up to exposures of 1.5 L oxygen. Line scans along the [1 0 0] direction as
shown in figure 5(a) reveal a weak extra LEED spot in between the (1̄, 1) and (1, 1) LEED spots.
The two high intensities shown originate from the cubic symmetry of the Fe(001) surface. The
middle section of the line scan is expanded by a factor of five for a better illustration, and
clearly indicates an extra spot according to a c(2 × 2) superstructure. However, the intensity is
only about 5% of the (1̄, 1) spot intensity and vanishes at about 1 L of oxygen exposure, which
indicates structural disorder of the superstructure.

To get an insight into the composition of the iron oxide, Auger spectroscopy measurements
of the low-energy transitions have been performed on a 33 ML Fe film. Figure 5(b) shows
M2,3VV Auger spectra of Fe films for various oxygen doses. A contamination-free Fe
film exhibits a distinct peak at 46.5 eV. At only 1.5 L oxygen, which according to [7]
corresponds to an oxygen coverage of approximately 0.25 ML, the Fe Auger peak shows
characteristic features [20] of FeO. This is consistent with scanning tunnelling microscopy
(STM) investigations on a Fe(110) surface at low oxygen coverage from above 0.25 ML also
indicating the formation of FeO [28]. At exposures above 1000 L the Auger line shape shows
two clear minima at 43 and 51.5 eV which is characteristic for Fe2O3 [21]. There exist two
modifications of Fe2O3, haematite (α-Fe2O3), which is an antiferromagnet, and the ferrimagnet
maghemite (γ -Fe2O3), which has a saturation magnetization of M = 371±27 kA m−1 at room
temperature (RT) [29]. To decide which modification of Fe2O3 is formed, a 20 ML Fe film was
prepared in UHV and exposed to ambient conditions. X-ray diffraction (XRD) measurements
performed on this film show that after exposure to air polycrystalline γ -Fe2O3 is formed. It
should be noted that from XRD measurements alone, it is hard to decide whether γ -Fe2O3 or
Fe3O4 is present, since both oxides have an inverse spinel structure with almost the same lattice
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Figure 5. (a) Intensity line scan along the [1 1 0] direction across the (1̄, 1) and (1, 1) LEED spot
for oxygen exposures of 0.15, 0.45 and 0.675 L. (b) Evolution of the L2,3VV Auger transition for
different oxygen exposure steps measured on a 33 ML Fe film at room temperature.

constant. The combination of AES and XRD measurements leads us to the conclusion that high
oxygen exposure of thin Fe/GaAs films results in polycrystalline γ -Fe2O3. In contrast to the
XRD results obtained for a film with a thick oxide layer, the LEED investigation with vanishing
LEED spots shows a strong disorder after low exposures below 10 L within the transfer width
t of the LEED optics, which is typically of the order of 100 Å. That means that if crystallites
develop at low exposures they must be smaller than t .

From the magnitude of the remanent magnetization at RT, which equals the Fe bulk value
for all investigated film thicknesses, we conclude that no magnetic dead layers are present at
the Fe–GaAs interface. Figure 6(a) shows the changes of the remanent magnetization M of an
8 ML Fe film as a function of oxygen exposure at 300 K. The decrease of the magnetization
is fastest at lower exposures, whereas the progress of oxidation slows down at higher values
and seems to approach a constant value. Figure 6(b) shows the remanent magnetization of
three different films with thicknesses of 5, 8 and 16 ML on a logarithmic scale. To show the
reproducibility of our measurements the 8 ML Fe film was measured twice. Each measurement
can be divided into two sections with different slopes. Below 100 L the decrease on the
logarithmic scale is much slower than it is at higher exposures. In the logarithmic plot the
negative slope is steeper the thinner the Fe film is.

The 5 ML Fe film at 300 K loses its remanent magnetization already at 300 L. After
the remanence vanished we saturated the film again in a magnetic field but it still showed
no remanence. The 8 ML (16 ML) film on the other hand still retains 19% (75%) of the
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Figure 6. (a) Remanent magnetization M derived as a function of oxygen exposure for a 8 ML Fe
film on GaAs(001). (b) Remanent magnetization during successive RT oxidation steps for 5, 8 and
16 ML Fe. All measurements were performed at 300 K. (c) Plot of non-ferromagnetic (fm) layers
as a function of oxygen exposures. The values have been calculated from magnetization data of (b)
taking into consideration the individual film thicknesses.

initial magnetization value at 300 L. The influence of oxygen on the thicker films seems less,
but since magnetization is defined as magnetic moment per volume one has to consider the
thickness of the films. Consequently, we calculated the number of oxidized layers under the
premise that oxidized Fe does not contribute to the remanent magnetization (see figure 6(c)).
This assumption is supported by the fact that 5 ML oxidized Fe shows no remanence. Tracer
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experiments with 18O showed that Fe atom transport contributes to the oxidation by at least
80% [22]. This implies a rearrangement of the Fe atoms during the formation of Fe oxide which
form epitaxial layers on the substrate prior to oxidation. The disappearance of the LEED image
during oxidation suggests a strongly disordered growth of the iron oxide implying the loss of
a well defined easy axis within the oxide. It was discussed previously that at higher oxygen
exposures formation of the ferrimagnet γ -Fe2O3 was found. However, the magnetization of
γ -Fe2O3 is only 20% of that of bulk Fe and will most likely be further reduced when the
oxide is not in a single crystalline phase. Therefore, in the calculation of the non-ferromagnetic
layers in figure 6(c) we did not include the contribution of the oxide to the magnetization. The
dashed horizontal lines of figure 6(c) indicate film thicknesses of 5 and 8 ML, respectively.
From this plot it is obvious that up to 100 L oxygen the decrease of M is independent of the
thickness of the Fe films. Above 100 L the progress of oxidation is fastest for the 5 ML film,
whereas thicker Fe films on GaAs seem to oxidize much more slowly. Conceivable reasons
for this behaviour might be (a) the finite size effect in thin magnetic films, (b) the influence of
the surface roughness on the oxidation process or (c) a thickness dependent relaxation of the
strained Fe film when oxygen is dosed:

(a) As the Curie temperature is reduced for thinner films the magnetization will also decrease
due to this finite size effect when observed at 300 K. Bensch et al [23] extrapolated the
Curie temperature for Fe/GaAs films as a function of film thickness to 0 K and found a
critical thickness for the onset of ferromagnetism at 2.5 ML. The same authors found a
steep increase of the Curie temperature with Fe coverage of about 270 K ML−1. Hence
this effect cannot be neglected in the case of the 5 and 8 ML Fe film investigated here.

(b) In accordance with [19] we find a gradual sharpening of the LEED images as Fe is
continuously deposited on the substrate after diffraction spots can be detected from about
5 ML upwards. It was suggested that growth of Fe takes place in a 3D Volmer–Weber
growth mode forming Fe islands which coalesce above 3.5 ML thickness to form a
homoepitaxial film on GaAs(001)-(4 × 6). At 5 ML the Fe islands which formed during
the initial growth state penetrate the Fe film and give rise to a distinct surface roughness.
A further increase of the film thickness will smooth the surface roughness so it possibly
becomes better able to passivate the Fe film against further oxidation.

(c) In addition, different strains in the Fe layers can influence the oxidation process.

As discussed previously, a 33 ML Fe film on GaAs(001) showed a decrease of vertical strain
from 2.2% to 1.5% after exposure to 1.5 L oxygen. However, for the magnetically characterized
film thicknesses from 5 to 16 ML Fe, a thickness dependent relaxation of the oxidized Fe
films might also explain the observation that the thicker films oxidize to a lesser extend, since
the very thin films are possibly not thick enough to allocate the stress due to the epitaxial
growth on GaAs together with the effect of surface oxidation. It should be noted that from
a fundamental point of view the oxide formation depends on the partial pressure of oxygen.
Although the dosages during our experiments were achieved by varying the oxygen pressure
at constant exposure times, we can neglect the pressure dependence, since it was found in [24]
that oxides which have been prepared at pressures ranging from 10−8 to 10−6 mbar with the
same coverage lead to the same ratio of 2+ and 3+ ionized Fe atoms (N2+

Fe /N3+
Fe ) as revealed

by x-ray photoelectron spectroscopy (XPS).
In the following, the change of magnetic anisotropy due to oxygen adsorption is discussed.

The resonance condition for the magnetic field applied parallel to the [1 1̄ 0] direction (hard
in-plane axis) can be written as [16](

ω

γ

)2

=
(

B‖
r − 2K4

M
− 2K2‖

M

) (
B‖

r − Meff + 2K4

M

)
. (1)
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Figure 7. (a) FMR spectra of a 10 ML Fe film at various oxygen exposures measured at 300 K. The
magnetic field is applied in the film plane along the [11̄0] direction. (b) Evolution of the anisotropy
constants at low oxygen exposures from angle dependent FMR measurements.

Here B‖
r is the resonance field and Meff = 2K2⊥/M − 4π M is the effective out-of-plane

anisotropy field. Using the magnetization values determined by SQUID it is possible to extract
the out-of-plane anisotropy constant K2⊥ which describes the intrinsic magnetic anisotropy
associated with a rotation of the magnetization between the film normal and film plane. This
contribution was found to result mainly from the surface of the Fe films (see [16] for details).
K2‖ denotes the in-plane uniaxial anisotropy constant, describing the magnetic anisotropy
between the [110]- and [11̄0] direction. Note that for the Fe/GaAs(001) system the easy axis
is given by the [110] direction. K4 is the fourfold anisotropy constant, resulting mainly from
the volume of the film [16] as expected due to the cubic symmetry of Fe. K4 alone would
lead to easy axes along the 〈100〉 directions. In contrast to K4, the uniaxial anisotropy K2‖ has
its origin at the Fe/GaAs-interface [16] and, therefore, for increasing film thickness it becomes
less and less important. This leads to a reorientation of the easy axis from the [110] to the 〈100〉
direction as function of the film thickness [17]. In our case, however, K2‖ is still the dominating
term for all film thicknesses as already mentioned.

Figure 7(a) shows the derivative of the imaginary part of the high-frequency susceptibility
as a function of the external field for oxygen doses between 0 and 204 L. Starting from the
clean Fe film with a resonance field of about 1.75 kG, a shift towards lower resonance fields
is observed for oxygen doses up to about 10 L. The minimum resonance field was found to
be 1.55 kG. Then, for larger doses, the resonance field moves to higher values again, even
crossing the resonance field of the clean Fe film. To understand this behaviour we performed
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angular dependent measurements of the resonance field at two microwave frequencies for
films dosed with 0, 3 and 9 L. From analysis of the complete angular dependence, the
anisotropy contributions can be separated. A detailed description of the procedure can be found
elsewhere [16]. As can be seen from equation (1), FMR yields, in principle, only the anisotropy
fields, i.e. the quantities Ki/M . Within our in situ setup, however, the magnetization M is
independently measured by the SQUID sensor, so that the anisotropy constants can indeed
be derived. The result of the analysis is plotted in figure 7(b), where the various anisotropy
constants are given as a function of the oxygen dosage. While almost no change is observed for
K2‖ and K4 (note that the larger absolute value of K2‖ indicates the dominance of the uniaxial
contribution in the film plane), a reduction of more than 50% of K2⊥ can be seen. As found
from the SQUID results, almost no change of the sample magnetization is observed for doses
up to 10 L. One therefore has to conclude that at the very early stage of oxidation it is mainly
the anisotropy of the film that is altered. As the main surface contribution is given by K2⊥
it is plausible that this quantity is mostly affected. In an earlier work [16] K2⊥ was found
to be mainly an anisotropy resulting from the Fe/vacuum interface with only a small volume
contribution due to the film strain. As our IV-LEED experiments reveal a relaxation of the
film after oxygen dosing, the volume contribution is even smaller than for clean Fe films, thus
playing almost no role in the overall value of K2⊥.

With M being almost constant at the first stage of oxidation, K2⊥/M is reduced, leading to
the negative shift of the resonance field. For higher oxygen doses the change of the anisotropy
saturates. As the SQUID data in this case show an increasing reduction of the magnetization,
the value of K2⊥/M is increased, leading to the observed shift towards higher resonance fields.
Note that the decreasing magnetization is also reflected in the strong reduction of the FMR
intensity (area under the integrated FMR signal) as can be clearly seen from the spectra at
higher dosage.

4. Conclusion

We performed quantitative measurements of the remanent magnetization of 5–16 ML Fe films
on GaAs(001) after exposure steps of oxygen up to 25 000 L at RT. At low oxygen coverage
first FeO evolves, which at higher exposures advances to γ -Fe2O3.

The 5 ML Fe film loses its remanent magnetization after exposure to only 300 L oxygen,
whereas the 8 ML Fe film still conserves remanent magnetization at about 20% of the initial
value at 25 000 L. We attribute the reduction of remanent magnetization to the formation of
a disordered oxide which is in a spin glass like frustrated state such that no magnetization is
measurable in remanence. LEED patterns during oxidation experiments fade away after 6 L
of oxygen, indicating a disordered growth of Fe oxide. The progress of oxidation even slows
down for the 16 ML Fe film which we attribute to a thickness dependent surface smoothing as
checked with LEED prior to oxygen exposure.

At the initial stage of oxidation (up to about 10 L oxygen) the magnetic anisotropy constant
K2,⊥ is reduced by almost 50% whereas the magnetization remains almost unchanged. After
only 1.5 L oxygen exposure the vertical strain of a 33 ML Fe film on GaAs is reduced by almost
30%.
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Appendix

The z-component of the magnetic stray field from a homogenously magnetized square shaped
thin film can be expressed analytically as follows:

Bz(α, x̃, ỹ, z̃) = 3μ0 · z̃ · M · d

2π L(1 − 2x̃ + x̃2 + z̃2)(1 + 2x̃ + x̃2 + z̃2)

×
{

1

ABC

[−(1 − ỹ)A
(
x̃2(B − C) + (1 + z̃2)(B − C) − 2x̃(B + C)

)
cos α

− D(B + C + x̃(B − C)) sin α
]

+ 1

E FG

[
(−1 − ỹ)E

(
x̃2(F − G) + (1 + z̃2)(F − G) − 2x̃(F + G)

)
cos α

− D(F + G + x̃(F − G)) sin α
]}

(A.1)

where

A = 1 − 2ỹ + ỹ2 + z̃2

B =
√

2 − 2x̃ + x̃2 − 2ỹ + ỹ2 + z̃2

C =
√

2 + 2x̃ + x̃2 − 2ỹ + ỹ2 + z̃2

D = x̃4 + 2x̃2(−1 + z̃2) + (1 + z̃2)2

E = 1 + 2ỹ + ỹ2 + z̃2

F =
√

2 − 2x̃ + x̃2 + 2ỹ + ỹ2 + z̃2

G =
√

2 + 2x̃ + x̃2 + 2ỹ + ỹ2 + z̃2

k̃ = 2 · k/L k = x, y, z.

α denotes the in-plane angle of magnetization with respect to the x-axis, x , y, z are the
Cartesian coordinates, μ0 = 4π × 10−7 V s A−1 m−1 is the vacuum permeability constant,
L is the sample length, M is the sample magnetization and d is the thickness of the film. For
our configuration we choose α = 0 (scanning direction is parallel to the x-axis) and y = 0
since the line scan is performed across the centre of the film. It should be noted that our
experimental configuration allows for discrete variation along the y direction in order to find
the y = 0 position. There, according to the qualitative stray field distribution shown in figure 1
the amplitude of the Bz scan is largest.

The fit of the experimental data as shown in figure 2 requires two parameters, z and M . In
the case where M is varied the amplitude of the Bz curve is scaled linearly. Different values
of the distance z will alter the amplitude of Bz as well, but in addition will also change the
peak positions, i.e. the greater the distance z the farther away are the minimum and maximum
positions of Bz .
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