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The magnetic anisotropy of epitaxial Fe films with thicknesses in the range of 22142 monolayers (ML)

grown on f4� 2g reconstructed InAs(0 0 1) was investigated by in situ ferromagnetic resonance. The

easy magnetization direction was found to be parallel to the ½1 1 0�-direction for Fe films below 4 ML,

while it rotates by 45� toward the ½1 0 0�-direction. It is observed that both surface-interface and volume

contribution to the perpendicular anisotropy favor an easy axis perpendicular to the film plane. The

cubic surface-interface anisotropy is relatively large with easy axes along h1 1 0i-directions in contrast to

the volume contribution which favors easy axes along the h1 1 0i-directions. The volume contribution is

found to be larger than the Fe bulk cubic anisotropy. A thickness independent uniaxial anisotropy has

been found in films with a thickness of 2 up to 142 ML.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

Besides the system Fe/GaAs a second promising candidate for
‘spintronics’ applications is the Fe/InAs(10 0) system. InAs has a
narrow band-gap (less than 0:4 eV) and, therefore, the Fe/InAs
interface forms an ideal ohmic contact as reported by Xu et al. [1].
Moreover, InAs is a very good candidate for high speed electronics
and infrared optoelectronics, due to its large electron mobility
(larger than 3:2 m2=ðV sÞ�1) [2] and considerably high Rashba
effect [3].

The epitaxial growth of Fe on f4� 2g reconstructed InAs(0 0 1)
was reported within the last few years by several groups [1,4–9]. It
is shown that arsenic and indium react partially with the Fe layer
at the interface and a segregation of the species (mainly In) on the
surface was observed [6,7]. It was demonstrated by Teodorescu
et al. that the Fe/InAs interface is much less reactive than the one
of Fe/GaAs and the interface formation was found to be restricted
to only 1 ML at the interface [10–12].

The spin injection through an InAs interface was predicted by
Zwierzycki et al. [13] and later demonstrated by Ohno et al. [14]
who found a circular polarization of about �12% at T ¼ 6:5 K
under an applied magnetic field of 10 T. The interface perfection
is the key for magneto-electronic applications, where a spin-
polarized current is to be injected into the semiconductor. The
phase diagram of the InAs(0 0 1) surface structure studied by
ll rights reserved.

ömer).
Yamaguchi and Horikoshi [15] using high-energy electron diffrac-
tion (RHEED), scanning tunneling microscopy (STM) and Monte
Carlo simulations shows a phase transition between an As-
stabilized f2� 4gand an In-stabilized f4� 2g surface reconstruc-
tion. Since according to their studies the f4� 2g surface
reconstruction is more In-rich in order to avoid possible formation
of FeAs alloys (magnetically ‘dead’ layers) the f4� 2g surface
reconstruction was chosen for our investigation.

In this paper the epitaxial growth and the magnetic anisotropy
of Fe monolayers (ML) grown on f4� 2g InAs are reported. All
structural and magnetic characterizations were performed
in situ under ultrahigh vacuum (UHV) conditions at a microwave
frequency of 9:3 GHz, while supporting frequency dependent
investigations as well as the measurements on Ag/Au capped films
were conducted ex situ.
2. Experimental details

The 4� 4 mm2 pieces cut from commercially available n-type
InAs(0 0 1) wafers has been used as substrates. Before inserting it
into UHV, it was cleaned in an ultrasonic bath using pure acetone
and isopropanol and then immediately transferred into the UHV
chamber. Inside the UHV chamber the substrates were firstly out-
gassed by slightly rising the temperature to about 760 K. In order
to reach the wished f4� 2g surface reconstruction, the substrate
was sputtered and subsequently annealed several times. The
annealing temperature was about 760 K while the Arþ-ions used
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for the sputter process had an energy of 0:5 keV with a partial Arþ

pressure of about 2� 10�5 mbar and an Arþ current density of
about 3–5mA= cm2. This cleaning process is similar to the one
used in Ref. [9]. The cleanliness of the substrates was revealed by
Auger electron spectroscopy (AES). Although the intensity of the
indium MNN transition with respect to the arsenic LMM
transition already is expected to be very large due to the different
kinds of transitions, a comparison of our AES measurements with
the spectra taken from the pure elements [17] shows that it is even
larger than the expectation for the case that equal amounts of the
two elements are exposed to the electron beam. This finding thus
shows that the surface is In-rich. An AES spectrum and a typical
low-energy electron diffraction (LEED) pattern of the clean f4� 2g
InAs surface is shown in the inset of Fig. 1(a), while Fig. 1(c)
presents the schematic representations of possible f4� 2g
reconstructions taken from [15]. As all unit cells have the same
symmetry they cannot be distinguished by LEED. While the
common feature of all structures is that indium dimers form
parallel to the ½1 1 0�-direction in real space, the difference is the
amount of indium terminating the surface. Since arsenic was
found to desorb more easily from the surface than indium [15],
the structures with more indium will be favored when using high
temperatures during sample preparation.

At this point it should be noted that a confusing notation in
literature is found concerning the terminology of the crystal-
lographic directions in combination with the notation used for the
surface reconstruction [6,9,18]. The notation f4� 2g used by us
specifies the orientation of the pattern, with the �2-direction
along [110] and the �4-direction along ½1 1 0�. This notation is
consistent with that used to define the f4� 2g and f2� 4g
reconstructions of GaAs(10 0) [15]. It is essential to know the
orientation of the LEED pattern, since the h1 1 0i- and h1 1 0i-
directions are inequivalent with respect to the bulk structure [16].
In the [10 0] direction, zincblende structure III–V semiconductors
consist of alternating layers of anions (e.g. As) and cations (e.g. In).
If the crystal is terminated by a layer of anions, their dangling
bonds lie in the (110)-plane (i.e. are oriented along ½1 1 0�). If
the crystal is terminated by a layer of cations, their dangling
bonds lie in the (1 1 0)-plane (i.e. are oriented along [110]). A
schematic illustration of the anion’s and cation’s dangling bonds
in (0 0 1) surfaces of III–V semiconductors with zincblende
structure is given in Fig. 1(b). For the f4� 2g pattern, the
periodicity is doubled along the direction of the indium dangling
bonds, and quadrupled along the direction of the arsenic dangling
bonds (see also the structure models of Fig. 1(c)).

Upon inspection of the LEED pattern one observes sharp
quarter order spots, while the half order spots are surrounded by
streaks. This indicates that the periodicity along the ½1 1 0�-
direction in k-space (½1 1 0�-direction in real space) is less
pronounced than along the ½1 1 0�-direction in k-space
In

As

x2

anions
cations

[110]

[110]

[110]

[110]

Fig. 1. (a) Typical AES spectrum of a clean InAs substrate. Inset shows a LEED-pattern tak

quarter order spots and streaky half order spots reciprocal k-vectors are shown. (b) Schem

III–V semiconductor surface [16]. Indium atoms are cations. (c) Schematic illustration
(½1 1 0�-direction in real space). This streakiness must thus result
from a reduction of the periodicity parallel to the �2-direction in
real space, which is the direction parallel to the indium dimer
rows (see structure models in Fig. 1(c)). In Refs. [15,16] the
streakiness was suggested to be the result of an occurrence of
structural domains with f4� 2g and cf8� 2g reconstructions. A
cf8� 2g reconstructed unit cell results when neighboring f4� 2g
unit cells are shifted by half their length along the ½1 1 0�-direction
with respect to each other. A random distribution of the two
reconstruction types would, in fact, leave the quarter order
spots unaffected, while the half order ones become streaky. For
a random distribution, however, one would expect the half order
spots to be wiped out completely. From the fact that there are still
half order spots visible in addition to the streaks we conclude that
the areas with f4� 2g reconstructions dominate the surface
morphology.

The Fe films were grown at room temperature (RT) by
molecular beam epitaxy with a deposition rate of 0.5 ML/min
monitored by a quartz micro balance, which can measure
thicknesses in the order of 0:01 nm. However all thicknesses
are rounded to full ML. The basic pressure of the chamber
wasabout 1� 10�10 mbar rising during Fe-deposition up to about
7� 10�10 mbar. A LEED and an AES analysis was performed to
verify the film quality. It has been observed that the LEED pattern
disappears immediately after the deposition of the first Fe layer
and only a diffuse LEED pattern appears with broad spots around
19 ML. Such an observation is reported also by other groups [1,5].
As our magnetic analysis shows well defined magnetic symmetry
for the Fe films, the diffuse LEED pattern could be the result of a
floating Indium layer on top of the film or because of island-like
growth, which enables the Auger electrons to leave the substrate
between the islands even for larger Fe thicknesses. Indeed, our
AES results show that the In-signal does not disappear even for
Fe thicknesses of 19 ML (see Fig. 2), while it disappears for
thicker Films.

In order to get an insight into the onset of long range
ferromagnetic order ML of Fe were grown from 0.6 up to 3 ML.
Ferromagnetic resonance (FMR) experiments were performed as a
function of the nominal number of Fe layers at RT using a
microwave frequency of 9.3 GHz. The external magnetic field was
applied along the ½1 1 0�-direction (easy axis, see below).

In order to determine the magnetic anisotropy in situ FMR
measurements have been carried out immediately after growth.
A full in-plane and out-of-plane angular dependence (using
magnetic fields of up to 1.3 T) of the FMR signal was performed
in situ at a microwave frequency of 9.3 GHz. This unique ability of
our experimental setup allows a precise determination of the
magnetic anisotropy constants.

A straightforward way to extract the anisotropy constants from
the angular dependent data is provided the free energy approach
a{4x2} a2{4x2} a3{4x2}

1st In-layer 1st As-layer 2nd In-layer

b{4x2} b2{4x2} b3{4x2}

en at an electron energy of 56 eV showing a 4� 2 reconstruction with well defined

atic representation of the direction of the dangling bonds for the (0 0 1)-plane of a

of possible atomic structures for f4� 2g InAs(0 0 1) (taken from Ref. [15]).
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Fig. 2. Ratio of the AES peak-to-peak intensities of the Indium MNN transition to

the Fe LMM one. The inset shows the AES peak-to-peak intensities of the arsenic

LMM line with respect to the Fe LMM line. The solid curves are guides to the eye.

Fig. 3. Evolution of the FMR resonance field (a) and line width (b) with the

equivalent number of Fe layers recorded at RT and an external magnetic field

applied along the ½1 1 0�-direction.
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[19,20]. In FMR, the precession of the total magnetic moment with
free energy, F, occurs at the resonance frequency given by
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The partial derivatives are evaluated at angles of y and f (polar
and azimuthal angle of M) which minimize F and g is the
gyromagnetic ratio. Note that the resonance frequency is related
to the second derivatives of F, and thus is essentially a measure of
the curvature of F, or the stiffness of M. In the experiments
described below the magnetization is perturbed at a constant
microwave frequency op and F is modified by varying an applied
external field. The fields needed to change F such that o ¼ op is
referred to as the resonance field, Bres.

For a ferromagnetic film with cubic symmetry and (0 0 1)-
orientation the free energy density F includes the Zeeman energy,
the demagnetizing energy, the perpendicular uniaxial K2? as well
as the cubic K4 anisotropy energy density. In the case of ultrathin
ferromagnetic films on semiconducting substrates an in-plane
anisotropy K2k of uniaxial character has usually to be, yielding
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Here yB(fB) is the polar (azimuthal) angle of the external
field B with respect to [0 0 1]([10 0]), y(f) is the polar(azimuthal)
angle of the magnetization with respect to the [0 0 1]([10 0])-
direction and the ai are the direction cosines defined by the
coordinate system given by the cubic h1 0 0i-axes. d is the angle
between the easy axis of the twofold in-plane anisotropy K2k with
respect to the easy axis of the fourfold anisotropy, ae:a: is the
direction cosine with respect to the easy in-plane direction. Upon
inserting the free energy derivatives into Eq. (1) one obtains
explicit resonance equations linking resonance frequency and
field within specific planes. A detailed description may be found
e.g. in [21,22].
3. Results and discussion

3.1. The onset of the RT ferromagnetic order

In Fig. 3 the thickness dependence of the FMR resonance field
Bres (a) and the FMR line width DBpp (b) measured at RT are
shown. The first ferromagnetic signal was observed for a film
thickness of 1.6 ML with the lowest resonance field and largest
FMR line width. The small value of Bres is due to the fact that for
this thickness, the cubic anisotropy (it will be called K4k, as we
will show below that the films are to some extend distorted) is
K4k � 0. As we will show that the cubic anisotropy favors the
h1 0 0i-axes like in bulk Fe, the FMR along the cubic hard ½1 1 0�-
direction takes place at lower fields (i.e. at a more easy direction)
in the absence of K4k. The large DBpp can be attributed to the large
size distribution of the 3D-like Fe clusters that form in the first
stage of the growth. The coalescence of Fe clusters and formation
of a continuous film take place around 5 ML as found by RHEED
[18] and STM studies [9].
3.2. Magneto crystalline anisotropy constants

A typical polar (external field varied in a plane defined by the
film normal and the ½1 1 0�-direction) and azimuthal (external
field varied in the film plane) angular dependence of the FMR
resonance field, Bres, measured at RT is shown in Fig. 4. The solid
lines in Fig. 4 are fits according to resonance equations derived
from the free energy approach discussed above (for explicit
expressions of the resonance equation, see [21,22]).

Fig. 4(a) shows that for the out-of-plane geometry and for film
thicknesses above 13 ML a not-aligned resonance mode was
observed very close to the hard axis (similar to the case of the
Fe/GaAs system). The not-aligned resonance mode is due to the
collective excitation of the spin system, in which the spins precess
around the equilibrium angle (depending on the internal
anisotropy fields) of the magnetization instead around the
external field direction. Within the geometry used for the in-
plane angular dependence the not-aligned mode could be
detected for the 142 ML only, most likely due to the lower
sensitivity of our setup in this geometry for which the high
frequency field is aligned perpendicular to the sample surface. For
the out-of-plane geometry the microwave field is oriented in the
film plane, yielding higher intensities due to the larger projection
of the precessing magnetization vector onto the direction of the
microwave magnetic field. Nevertheless, from the in-plane
angular dependence a fourfold (cubic) anisotropy is observed
which is superimposed by a twofold (uniaxial) contribution (see
Fig. 4(b)). From the fact that all h1 1 0i-directions are local maxima
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[100][010]

[110] [110][110]

Fig. 4. Polar (a) and azimuthal (b) angular dependence of the resonance field measured at 9.3 GHz for different thick Fe layers grown on f4� 2gInAs. The solid lines are fits

to the experimental data.

Table 1
The measured magnetic anisotropy constants of uncapped Fe layers grown on

f4� 2gInAs(10 0) for different Fe thicknesses d.

d

(ML)

K2?

(106 J=m3)

K4k

(104 J=m3)

K2k

(104 J=m3)

K4k

M
(mT)

K2k

M
(mT)

Bulk – 4.8 – 27.5a –

142 0.11 4.9 0.2 29.9 1.3

19 0.69 4.9 1.1 29.9 6.7

13 0.5 5.0 1.0 30.3 6.1

10 0.67 4.5 1.0 27.6 6.1

8 0.76 3.9 1.1 23.9 6.5

6 0.84 3.2 0.9 19.8 5.8

4 1.07 2.0 1.2 12.1 7.1

3 1.03 0.8 1.7 4.9 10.6

All samples were measured in situ at RT. The conversion to meV=atom are given by

1� 105 J=m3 ¼ 7:35meV=atom. The bulk value is taken from Ref. [24].
a Using the slightly reduced magnetization value as measured for our thin

films (1640 kA/m), the bulk anisotropy field K4k=M would take the value 29.3 mT.
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Fig. 5. Reciprocal thickness dependence of the anisotropy constants of Fe grown
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while the uniaxial out (middle) and in plane (lowest) anisotropy are shown below

that.
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one can conclude that the easy axis of the cubic anisotropy are the
h1 0 0i-directions. The easy axis of the uniaxial anisotropy is
oriented along the ½1 1 0�-direction as can be seen from the smaller
resonance field along this direction compared to the resonance
field along the ½1 1 0�-direction. While for the 3 ML thick film
this difference is rather obvious, for the 142 ML thick film the
deviation of the resonance fields along ½1 1 0�- and ½1 1 0�-direction
becomes less pronounced. This indicates that the ratio of cubic to
uniaxial anisotropy increases with increasing film thickness. The
offset of the whole angular dependence is determined mostly by
the out-of-plane anisotropy that also governs the out-of-plane
angular dependence shown in Fig. 4(a).

The resulting magnetic anisotropy constants from fitting the
angular dependent data are listed in Table 1 for different film
thicknesses (d ¼ 3–142 ML). We additionally measured the mag-
netization of capped films ex situ with a superconducting
quantum interference device (SQUID) and used M ¼ 1:64�
106 A=m (which agrees with the value for Au capped films in
[23]) to extract the anisotropy constants from the measured
anisotropy fields (2Ki=M, i being the order (i.e. twofold, cubic) of
the anisotropy constant).

The surface-interface, Ks;eff
i , and volume, Kv

i , anisotropy con-
tributions to the different anisotropy constants were determined
by plotting the anisotropy terms vs. the reciprocal film thickness
according to

Ki ¼
Ks;eff

i

d
þ Kv

i (3)
Fig. 5 shows the reciprocal thickness dependence of the
anisotropy constants, while Table 2 summarizes the results
from fitting the data points with the help of the above equation.
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Table 2
Surface-interface and volume contributions to the magnetic anisotropy of uncapped Fe/f4� 2g InAs(0 0 1) (upper part).

Kv
2? (105 J=m3) Kv

4 (105 J=m3) Kv
2k (105 J=m3) Ks;eff

2? (10�3 J=m2) Ks;eff
4 (10�5 J=m2) Ks;eff

2k (10�5 J=m2)

0:7� 0:7 0:67� 0:03 0� 0:03 0:74� 0:1 �3:13� 0:5 3:25� 0:1

�2:2� 1:3 0:65� 0:03 0:025� 0:01 1:4� 0:1 �7:9� 0:6 —

The results of Au capped Fe/InAs measured by BLS are shown in the lower part. First line of the table: this work (investigated system vacuum/Fe/f4� 2gInAs(0 0 1)). Second

line of the table: results from Ref. [23] (investigated system Au/Fe/f4� 2gInAs(0 0 1)).
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Fig. 6. Out of plane FMR measurement of 3 nm 2 nmAg=5 nm Fe/InAs(100). The 0�

means that the external field is aligned perpendicular to the film plane. The fit is

performed with the anisotropy values measured in plane.
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Note that in Table 2 the first line gives our results, while the
second gives the one reported in Ref. [23]. In the following the
different contributions will be discussed separately.

3.2.1. Cubic in plane anisotropy K4k (A)

The cubic anisotropy K4k is positive for all films meaning that
the favorable easy magnetization directions due to this contribu-
tion are the h1 0 0i-directions. For thick films the cubic contribu-
tion is dominating.

It is clearly shown in Fig. 5(a), that the cubic anisotropy
increases as function of film thickness until it reaches the bulk
value of Fe, where it saturates at about 12 ML. All data points are
located slightly above the bulk value, which at first is a surprising
result. We note, however, that the anisotropy constants were
calculated from the anisotropy fields by using the magnetization
value obtained by SQUID for a capped film. A possible explanation
could thus be that M for the uncapped films is even smaller which
in term would lead to an increase of the anisotropy constants.
Another source for this small deviation would be a wrong
determination of the sample volume by a few percent. We also
note that due to the finite size effect [25] the magnetization values
for very thin films may differ from the one of the thick capped
films that were used to determine M by SQUID magnetometry.

These values are different to those measured by McPhail [23].
Our films reach the bulk value at the half thickness. As one can see
in Table 2, the volume contribution of this anisotropy is identical
within the error bar, while the surface contribution differs in its
value by a factor of 2. This most likely results from the different
surfaces used (Fe/Au compared to Fe/vacuum), which influences
the surface anisotropy, while it obviously has no effect on the
volume contribution of the anisotropy.

3.2.2. Uniaxial out of plane anisotropy K2? (B)

The value of the perpendicular uniaxial anisotropy
constant K2? in the first column of Table 1 does not dominate
over the shape anisotropy given by EShape ¼ 1=2m0M2 (for M ¼

1:71� 106A=m, EShape ¼ 16:8� 105 J=m3). This is reflected in the
value of the effective magnetization m0Meff ¼ 2K2?=M � m0Mo0.
Consequently, the magnetization lies in the film plane for all
thicknesses as can be seen from the out-of-plane angular
dependence of the resonance field (see Fig. 4 (a)), where the
resonance field for the in-plane direction is smallest.

Fig. 5(b) shows the uniaxial out of plane anisotropy vs. the
reciprocal film thickness. As it is expected the values decreases for
thicker films, but it does not fully disappear. The volume
contribution is very small, but positive which does not agree
with capped (which may be the origin of the difference) films
discussed by McPhail.

3.2.3. Uniaxial in plane anisotropy K2k (C)

For film thicknesses below 7 ML the in-plane uniaxial aniso-
tropy K2k (third column of Table 1) is the dominating
in-plane term. The positive sign means that the favored easy
axis is the ½1 1 0�-direction. The interplay between K4k and K2k

leads to a change of the easy axis from the [10 0]- toward the
[110]-direction with decreasing film thickness as it will be
discussed in Section 3.4.

There are three clearly separable regions in Fig. 5(c). For very
thin films the virtual change of the uniaxial anisotropy may result
from finite size effects. Thus, for films above 5 up to 20 ML the
uniaxial anisotropy is nearly constant, while it starts to be
reduced, although not vanishing up to 142 ML.

We propose that this stems from relaxation processes, where
the islands observed in the first stage of Fe growth coalescence to
a closed film at a thickness of about 20 ML, which is in accordance
with our AES measurements. Indeed, at a thickness of about 20 ML
difference in the growth mode is reflected by the obvious change
of the 1=d-behavior of K2k as well as for K4k. The gradual change of
K2? that does not exhibit a change at 20 ML implies that this term
is mostly resulting from interface effects vanishing for thicker
films.

3.2.4. Capped films

The triangles (blue and red) in Fig. 5 show clearly, that an Au or
Ag cap on top of the Fe changes all anisotropy constants
dramatically, which agrees with the different values measured
by MacPhail. But in good agreement our Au capped film exhibits
the same properties as the one reported by McPhail et al.

Even the chemical or structural difference introduced into the
film surface by Au compared to Ag shows a rather large difference
for K4k, K2? and K2k. This directly proves the need for in situ

measurements in comparison to capped films. A direct compar-
ison of the capped and uncapped films will be published later.

3.3. Out of plane measurements

In Fig. 6 an ex situ measurement within out of plane geometry
(i.e. with the external field varying in a plane given by the film
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normal and the ½1 1 0�-direction) of 19 ML Fe is shown. The dashed
fit curve was calculated using the values given in Table 1. The
obvious deviation between fit and measurement indicates that
the film does not possess perfect cubic symmetry. The deviation
being largest along the film normal indicates that the film
is tetragonally distorted along the film normal. This matches
to the behavior within the film plane, where perfect cubic
symmetry was observed and justifies the notation K4k for the
in-plane anisotropy. A tetragonal symmetry can be introduced
into the resonance equation by replacing the cubic term
K4ða2

xa2
y þ a2

xa2
z þ a2

ya2
z ) within the free energy density (see

Eq. (2)) by the term �1=2K4?a4
z � 1=2K4kða4

x þ a2
y Þ. This expression

describes a tetragonal system with twofold symmetry
with respect to the polar angle y (described by the constant
K4?) and a fourfold one with respect to the in-plane angle f
(described by the constant K4k). Setting K4k ¼ K4?:¼K4 and
using the relation 1� 2ða2

xa2
y þ a2

xa2
z þ a2

ya2
z Þ ¼ a4

x þ a4
y þ a4

z re-
tains the expression for cubic symmetry. A detailed description
of the analysis of tetragonally distorted thin films is given in [26].
The fit of the out of plane angular dependence of the
19 ML thick film yields a value of K4? ¼ 1:7� 104 J=m3 which is
Fig. 7. The evolution of the easy axis of magnetization as a function of the number

of Fe monolayers.

10 ML

Fig. 8. Resonance frequency as a function of the resonance field for a 5, 16 and 30 ML

external magnetic field applied along the [110]-direction.
about 3 times smaller than the value for K4k (see Table 1). We
finally note that for very thin films (thickness below 10 ML),
where the uniaxial anisotropy is not negligible as compared
to the cubic one, the fit can be performed without tetragonal
correction term.

3.4. Thickness dependent reorientation of the easy axis

The evolution of the magnetization angle with increasing
number of Fe ML was determined from the equilibrium condition,
where the free energy density is minimum. The measured
anisotropy constants were used to simulate the free energy
density. Fig. 7 shows how the in-plane spin reorientation
transition takes place. First, the easy axis is oriented along
½1 1 0�, rotating toward the [10 0]-direction for film thicknesses
above 7 ML. The fact that the rotation of the easy axis occurs at
smaller Fe thicknesses than for the system Fe/GaAs is related to
the fact that K4k overcomes the influence of the uniaxial in-plane
anisotropy given by K2k much faster for Fe/InAs. Even at an Fe
thickness of 142 ML the magnetization is not fully aligned parallel
to the [10 0]-direction showing that the uniaxial in-plane
anisotropy still is present.

For an explanation of this not fully vanishing uniaxial
anisotropy we performed Scanning Electron Microscopy (SEM),
which clearly revealed island growth at the topmost part
of the film. This indeed can result in an enhancement
of the uniaxial anisotropy, because of stress developing at
the surface of the islands, as was shown in Ref. [27]. If the
islands are anisotropic stressed, an additional stress at
the surface of the islands will even increase this anisotropy. An
additional Ag cap layer between these islands may of course
change the stress to a large extend and therefore explain our
findings.

3.5. Dispersion relation

Fig. 8 shows the resonance frequency vs. resonance field
(dispersion relation) for the magnetic field applied along the
[110]-direction. The solid, dotted and dashed lines show the
numerically calculated dispersion relation based on the resonance
equation given in [21,22] for a 3, a 10 and a 19 ML sample,
3 ML

19 ML

Fe film on f4� 2gInAs(0 0 1). The measurements were performed at RT with an
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respectively. The calculated dispersion relation predicts an
not-aligned branch as was observed experimentally. At 9.3 GHz
the low field (not-aligned) resonance of the 3 and 10 ML thick film
cannot be excited due to the smaller cubic anisotropy. Note that
the data points for f ¼ 24 GHz are for 3 nm Au capped films which
have been measured ex situ after transferring them out of the UHV
system. The crossover of the curves is due to the fact that
the cubic anisotropy constant is strongly thickness dependent
and overcomes the uniaxial in-plane anisotropy in films with
thicknesses of above 7 ML.
4. Summary

Fe ML were grown on f4� 2gInAs(0 0 1) by MBE. The epitaxial
relationship was observed to be ½1 0 0�Fek½1 0 0�InAs. An not closed
island growing up to 19 ML was shown by our AES study. The
magneto crystalline anisotropy was determined by in situ FMR
and compared to capped ones by McPhail. The origins of the
different anisotropy contributions were discussed. The volume
contribution to the in-plane as well as the out-of-plane uniaxial
anisotropy is proposed to be the effect of the in-plane strain and
island growth. The cubic surface-interface mainly originates from
the Fe surface and might be related to the reduced symmetry of
the upper Fe atomic layer. The uniaxial surface term Ks;eff

2? that
prefers an easy axis along the film normal, is due to the fact that
the valence 3d and 4s/p electron states confined to the surface are
exposed to a decreased lattice symmetry that strongly enhances
the contribution of the spin–orbit interaction to the surface
valence band energies, and that results in large surface magnetic
anisotropies, similar to surface anisotropy in other bcc Fe films on
other substrates.
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