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Fe films have been grown at room temperature on standard Ge�001� single crystals and virtual
Ge/Si1−xGex /Si�001� substrates, and their magnetic properties extensively investigated in situ by spin polar-
ized inverse photoemission and magneto-optical Kerr effect. Two different uniaxial anisotropies have been
found to coexist. The first one, giving rise to a �110� easy axis, is associated to the Fe/Ge interface: it
disappears at large thickness �more than 10 Fe layers�, while dominates in very thin films �5 Fe layers� on
virtual substrates. A second anisotropy, considerably smaller in strength, originates a �010� or �100� easy axis:
it persists at large thickness �up to 60 Fe layers� and is essentially associated to bulk properties. However, this
is not an intrinsic property, being related to the sample preparation conditions, i.e., substrate sputtering at
oblique incidence for cleaning and Fe deposition at oblique incidence. The uniaxial easy axis is always
perpendicular to the incidence plane, either of the Fe atoms flux or the ion beam, with a larger effect of
deposition conditions with respect to sputtering. Our results give evidence of a strong correlation between
morphology and magnetism in Fe/Ge/Si1−xGex /Si�001� and Fe/Ge�001� films, opening the way to the engi-
neering of magnetic properties via the control of the preparation conditions.
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I. INTRODUCTION

Due to the growing interest in magnetic multilayers, in the
last decade the magnetic properties of thin and ultrathin films
have been widely studied with great attention to their pecu-
liarities with respect to bulk materials.1,2 The reduction of
film thickness gives evidence that surface and interface con-
tributions strongly influence the magnetic anisotropy, while
the loss of translational invariance perpendicular to the sur-
face and the reduction of in-plane symmetry, due for ex-
ample to defects or periodic ripples, may introduce new
magnetic anisotropy terms. In particular, the correlation be-
tween morphology and magnetism has been investigated,
and the opportunity of using nanostructures to induce “con-
trolled” anisotropies in thin films clearly demonstrated.3,4

A relevant feature of epitaxial magnetic thin films is the
evolution via irreversible jumps of the in-plane magnetic
configuration, showing abrupt changes at well-defined ap-
plied magnetic field strengths. Each step corresponds to a
transition between two single-domain configurations and the
energetic of domain formation and propagation is crucial for
a complete understanding of magnetization processes. The
low dipolar energy, reduced symmetry, and well-defined
anisotropies typical of thin films allow for a reduction of the
problem complexity, so that relatively simple models can be
applied.5

The case of Fe thin films on Ge�001� is particularly inter-
esting due to the high quality of this interface and its poten-
tial application for spin injection in semiconductors. Room-
temperature growth is epitaxial and without sizeable
intermixing, and films thicker than 20 Å present structural
and electronic properties typical of single crystal bcc Fe.6 In
comparison with other ferromagnet/semiconductor epitaxial
interfaces, Fe/Ge�001� shows higher surface order, an elec-
tronic structure very similar to that of Fe�001� and the lowest
thickness at which ferromagnetism appears �4.3 Å�.7 Finally,

the growth of high quality Fe films on so-called “virtual”
Ge/Si1−xGex /Si�001� substrates,8 instead of usual single
crystal Ge�001� substrates, is very attractive because it offers
new opportunities for integration of magnetic thin films with
existing conventional Si-based electronics.6

In this paper, we extensively discuss the magnetic
anisotropies of Fe films grown on single crystal and virtual
Ge�001� substrates. The existence of an uniaxial anisotropy
in Fe/Ge�001�, with easy axis along the �110� direction of
the Fe lattice, is well known.9,10 Here we focus on additional
anisotropies, induced either by the substrate or by the prepa-
ration procedures, as seen by in situ magneto-optical Kerr
effect �MOKE� and spin polarized inverse photoemission
�SPIPE�. We present a detailed study of the Fe films mag-
netic properties by varying different parameters, namely: �i�
Fe film thicknesses, from 5 to 60 equivalent monolayers
�ML, 1 ML corresponds to 1.43 Å, the layer spacing of bcc
Fe�; �ii� substrate, either single crystal Ge�001� or virtual
Ge/Si1−xGex /Si�001�; �iii� sample preparation conditions,
i.e., substrate cleaning by ion sputtering and Fe deposition.
Our results indicate that for thicknesses below 15 ML two
different uniaxial anisotropies coexist, giving rise to �110�
and �010� easy axes. Data are interpreted by an appositely
developed phenomenological model. Relations between dif-
ferent uniaxial anisotropies and synthesis parameters are also
discussed, in view of magnetic properties engineering �easy
axes direction and anisotropy strength� in Fe thin films on
Ge�001� and Ge/Si1−xGex /Si�001� substrates for spin elec-
tronics applications.11

II. EXPERIMENT

The Ge/Si1−xGex /Si�001� virtual substrate was prepared
by low-energy plasma-enhanced chemical vapor deposition
�LEPECVD�12 in the same way described in Ref. 6. Starting
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from a Si�001� substrate, subsequent layers of a Si1−xGex
alloy are grown, with x linearly increasing from x=0 to x
=1 �pure Ge� over a thickness of 10 �m. On top of the
graded buffer layer, a 1 �m layer of pure Ge was grown in
order to achieve complete strain relaxation.

Commercial Ge wafers were used for standard single
crystal substrates. Both types of substrates underwent exactly
the same preparation and surface cleaning procedures:
chemical cleaning, and subsequent insertion via an interlock
chamber into the ultrahigh vacuum �UHV, p�1�10−10 torr�
system,13 where several sputtering-annealing cycles pro-
duced clean surfaces �as checked by x-ray photoemission
spectroscopy� with a sharp �2�1� low-energy electron dif-
fraction pattern. �see Ref. 6 for details�.

Fe films were grown in UHV with the substrate at room
temperature, in order to reduce interdiffusion between Fe and
Ge,9 by molecular beam epitaxy �MBE� at a rate of
�1.3 Å/min, as monitored by a calibrated quartz microbal-
ance. Films in the 5–60 ML range have been studied; the
uncertainty in the deposited film thickness is estimated to be
within ±10%. The Fe lattice parameter being roughly half
that of Ge, epitaxial growth takes place with the Fe �100�
direction parallel to Ge �100� direction.

The films were studied in situ by MOKE and SPIPE at
room temperature. MOKE loops are taken by applying the
external magnetic field �H� along either the �100� or the
�010� crystallographic axis of the Fe lattice, and collecting
the signal in both transverse and longitudinal mode.14 SPIPE
measurements are performed in the isochromat mode and in
remanence, after having magnetized the sample with an in-
plane pulsed magnetic field of 2000 Oe, applied along either
the �100� or the �010� axis, as described in detail elsewhere.15

SPIPE is a spectroscopic tool mainly employed for investi-
gating the spin resolved electronic structure of unoccupied
states. It can effectively be used, however, also for studying
magnetic anisotropies, by providing the orientation of the
remanent magnetization �M0� after application of a given H.
This method is particularly useful in thin films since, in case
of a strong uniaxial anisotropy, it gives immediately the ori-
entation of the easy axis, coincident with M0. In our appara-
tus the incident electron beam polarization �P� is parallel to
the sample surface and continuously reverted, so that it as-
sumes two opposite values P��+� �P��−�� depending on the
polarization ��� of the circularly polarized light incident on
the GaAs photocathode. P��+� �P��−�� are fixed in space
while the sample can rotate in front of the electron beam in
order to change the angles between P, the crystallographic
axes and M0. Due to shape anisotropy the magnetization lies
in-plane for films of Fe/Ge,16 and in the present investiga-
tion H is applied either along �100� or �010�, so all the three
vectors �H, M and P� lie in plane. We then define �, �, and
� as the angles between the �100� direction of the Fe lattice
and the vectors H, M, and P��+�, respectively �see Fig. 1�a��.
The asymmetry between �+ and �− channels in SPIPE spec-
tra is proportional to the scalar product P ·M0,17 so that its
maximum corresponds to P being parallel or antiparallel to
M0, i.e., �−�0=0° or 180°, where �0 is the angle between
M0 and the �100� direction. In our setup, when a majority
peak appears in the �+ ��−� channel, M0 and P��+� are an-

tiparallel �parallel�, whereas M0 and P��−� are parallel �an-
tiparallel�. By rotating the sample in front of the electron
beam, it is then possible to find the configuration which
maximize the spin asymmetry and find the full orientation of
M0.

To clarify this method we present the application to the
case of 5 ML of Fe grown on a virtual substrate
Ge/Si1−xGex /Si�001�. The four SPIPE spectra of Fig. 1�b�
have been collected at �=180°, 135°, 90°, and 45° �P��+� is

directed, respectively, along �1̄00�, �1̄10�, �010�, and �110�
after application of H along the �100� direction ��=0�. As it
is well known for thin Fe�001� films,18 the well-defined peak
at �1 eV above the Fermi level has a minority spin charac-
ter. In Fig. 1�b� the spectral asymmetry is null at �=135° and
maximum at �=45°, but in the latter case the minority peak
appears in the �+ channel �filled circles�.6,7 In this particular
case M0 is parallel to P��+� and directed along the �110� axis
��0=45° �. At variance with thick epitaxial films, the rema-
nent magnetization is not parallel to the applied magnetic
field, thus indicating the presence of relevant uniaxial
anisotropies.

Combining in situ MOKE and SPIPE allows us to inves-
tigate and clarify the origin of the three different magnetic
anisotropy terms that coexist in Fe/Ge�001� films. The case
of single crystal substrates will be presented at first, in order
to discuss the effect of “intrinsic” sources only, without any
additional complication due to virtual substrate morphology.
Finally the more complex behavior of
Fe/Ge/Si1−xGex /Si�001� films in the whole range 5–60 ML
will be discussed.

FIG. 1. �a� The reference frame for H, M, and P supposed in
plane. �b� The spin polarized inverse photoemission spectra at dif-
ferent angles � on 5 ML of Fe/Ge/Si1−xGex /Si�001�, with H ap-
plied along �100�; full and empty dots refer to different directions of
the incident electron spin; for the case of 45° full dots correspond to
minority-spin electrons.
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III. SINGLE CRYSTAL SUBSTRATES

A. SPIPE and MOKE results

Figure 2 reports MOKE hysteresis loops, recorded in situ
with H directed along �100� and �010� �in longitudinal and
transverse configurations, respectively�, from Fe films with
thickness from 3 to 60 ML grown on the single crystal
Ge�001�. Strong variations are seen when changing the ap-
plied field direction, clearly indicating the breaking of cubic
symmetry. The stepped shape of longitudinal loops in the
range 15–60 ML, together with the absence of significant
steps in the square transverse loops, immediately suggests
the presence of a uniaxial anisotropy term with easy axis
along the �010� direction.19 The persistence of this behavior
even at a large thickness �60 ML� rules out a pure interfacial
origin, indicating that this term is related to the growth
mechanism, as better shown below. For 3, 5, and 10 ML
films, instead, the longitudinal loop shapes are different from
a simple stepped or square profile: they can be explained
only by introducing a second uniaxial anisotropy term, with
easy axis along the �110� direction of the Fe lattice. These
MOKE data are in excellent agreement with the orientation
of M0 determined by SPIPE using the method outlined
above, as schematically shown in Fig. 3�a�. At low thickness
�3–5 ML� the uniaxial anisotropy with �010� easy axis domi-
nates, and M0 is parallel to �010�, even if H has been applied
along the �100� direction, in perfect agreement with the lon-
gitudinal loop of Fig. 2�a�, displaying no remanence at these
thicknesses. The relative strength of such a term decreases
with thickness, so that M0 gradually approaches the direction
of H and finally stays parallel to it above 15 ML. Corre-
spondingly, the hysteresis loops of Fig. 2�a� display rema-
nence.

B. Origin of (010) magnetic anisotropy

As discussed above, MOKE loops in Fig. 2 support the
existence of a magnetic uniaxial anisotropy even in thick

films �60 ML�, with �010� easy axis. This is somehow an
unexpected result for Fe films on semiconductors: typically
the uniaxial easy axis in Fe/Ge�001�,9,10 Fe/GaAs�001�,20

and Fe/ZnSe�001�21 has �110� orientation and originates
from substrate or interface properties like the directionality
of dangling bonds. Different possible sources of uniaxial an-
isotropy with �010� easy axis in Fe films on different sub-
strates are reported in the literature. A first possibility is re-
lated to film deposition at oblique incidence, as in
Fe/MgO�001�22,23 and Co/Cu�001�.24 Actually, in our ex-
perimental setup, the incidence angle is 25° with respect to
the normal, so that the observed anisotropy can be partially
ascribed to such an effect. A second source of anisotropies is
nanostructuration of Fe film induced by ion bombardment, as
in Co/Cu�001�.3 Even though this does not directly apply to
our case, since the films do not undergo any sputtering pro-
cess after growth, some influence of the substrate sputtering
can however be expected. In fact, our cleaning procedures of
the Ge substrates typically involve Ar+ ions sputtering at
1 keV and �1 �A/cm2, at 60° out from normal incidence.
The influence of ion sputtering on the formation of strongly
directional structures,11 with dimensions ranging from few to
hundreds nm, has indeed been reported.25 To our knowledge,
however, no effect of substrate sputtering on the magnetic
anisotropy of a magnetic overlayer has been so far observed.

In order to gain a better comprehension of the influence of
these mechanisms, ultrathin films grown onto a single crystal
substrate without miscut are well suited. In fact spurious ef-
fects arising from the substrate morphology can be ruled out
and the reduced thickness enhance interfacial contributions.
A set of three Fe films with thickness of 5 ML were synthe-
sized with different combinations of sputtering/deposition
planes of incidence, as reported in Table I. The correspond-
ing MOKE loops taken in situ are reported in Fig. 4.

We consider first films A and C, grown with the same
incidence plane for both sputtering and MBE: �010� and
�100� for A and C, respectively. In film A, if H is applied
along the �100� direction �full dots�, a stepped loop is de-
tected, while if H is applied along the �010� one �empty dots�
the loop is essentially square: this suggests the existence of a
strong uniaxial anisotropy with �010� easy axis, i.e., perpen-

FIG. 2. MOKE loops on Fe/Ge�001� films of different thick-
nesses: �a� longitudinal loops, with H applied along the �100� di-
rection; �b� transverse loops, with H applied along the �010�
direction.

FIG. 3. Experimentally determined orientation of M0 after ap-
plication of H along �100� in Fe films with different thicknesses on
�a� Ge�001� and �b� Ge/Si1−xGex /Si�001�. The determination has
been done by applying the SPIPE analysis as described in the text
�cf. also Fig. 1�b��.
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dicular to the incidence plane of sputtering/deposition.
SPIPE confirms this scenario: Figure 5�a� reports SPIPE
spectra collected from film A at �=180° and 90° �P��+� is

directed, respectively, along �1̄00� and �010��, with H ap-
plied along the �100� direction. Following the interpretation
scheme of Fig. 1, the spectral asymmetry is maximum at �
=90° and the minority peak appears in the �+ channel �filled
circles�, then M0 is parallel to P��+� and directed along the
�010� axis ��0=90° �. The same result holds true also with H
along �010� �not shown�. Film C presents exactly the same
loop shapes of film A but longitudinal and transverse loops
are completely exchanged, indicating that now the uniaxial
easy axis is along the �100� direction. Accordingly SPIPE
reveals that M0 has a �100� orientation after application of H
along either �100� �see Fig. 5�b�: the spectral asymmetry is
maximum at �=180° and the minority peak appears in the

�− channel �empty circles�, then M0 is parallel to P��−� and
�0 is 0°� or �010� �not shown�. We can then conclude that, if
sputtering and deposition are performed with the same inci-
dence plane, the direction of the uniaxial easy axis is always
perpendicular to this plane. This is not surprising because
sputtering at oblique incidence may lead to the formation of
periodic ripples, with wave vector parallel to the ion beam
direction and wavelength of the order of 200 nm:25 if, for
example, the ion beam is incident along the plane �010�, as in
film A, the wave vector is parallel to �100� and peaks and
troughs are elongated in the �010� direction. This kind of
morphological anisotropy is similar to that induced by ter-
raced or vicinal substrates: the substrate fourfold symmetry
is broken in both cases, and a magnetic uniaxial anisotropy
develops in the overlayer.26,27 Film deposition at oblique in-
cidence is expected to produce similar periodic structures
with the wave vector parallel to the incidence plane. In the
case of Fe/MgO�001�, for example, a uniaxial easy axis de-
velops in the direction parallel to the elongation of peaks and
troughs, i.e., perpendicular to the deposition incidence
plane.23 By analogy, if the Fe flux is incident along the �010�
plane, as in film A, a �010� easy axis is then expected, in
agreement with our findings. Both sputtering and film depo-
sition produce a periodic structure with peaks and troughs
elongated in direction perpendicular to the incidence plane,
which coincides with the orientation of the uniaxial aniso-
tropy easy axis.

For film B the sputtering and deposition incidence planes
are different, �100� and �010� respectively. MOKE loops in
Fig. 4�b� bear much resemblance to those of film A, with a
decrease of the coercive field in the transverse loop; the ori-
entation of M0 determined by SPIPE is also the same as for
case A. The uniaxial anisotropy is then mainly determined by
film deposition out from normal incidence, while the effect
of sputtering appears as a reduction of the coercive field.
This is not surprising, since after sputtering the substrates
undergo a reordering annealing procedure which is expected
to reduce any possible corrugation induced by ion bombard-
ment, so that the latter acts only as a perturbation.

To summarize this section, we have demonstrated that in
Fe/Ge�001� films the uniaxial anisotropy with �010� �or
�100�� easy axis, persisting even in thick films �60 ML�, can
be ascribed to sample preparation conditions, and mainly to
film deposition at oblique incidence.

TABLE I. Sputtering/deposition conditions for Fe/Ge�001�
films with thickness of 5 ML.

Film

Incidence plane

Sputtering Deposition

A �010� �010�
B �100� �010�
C �100� �100�

FIG. 4. MOKE loops on 5 ML of Fe/Ge�001�; the sputtering/
MBE planes of incidence are: �a� �010� / �010�; �b� �100� / �010�; �c�
�100� / �100�. Filled �empty� dots refer to longitudinal �transverse�
configuration. In the inset the measured �circles� and simulated
�continuous lines� hysteresis loops from film C are reported.

FIG. 5. Spin polarized inverse photoemission spectra at different
angles � on 5 ML of Fe/Ge�001�, with H applied along �100�. The
sputtering/MBE planes of incidence are: �a� �010� / �010�; �b�
�100� / �100�.
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IV. VIRTUAL SUBSTRATES

Figure 3�b� shows the orientation of the remanent magne-
tization M0 determined by SPIPE, after application of H
along �100�, in Fe films with thickness ranging from 5 �see
Fig. 1�b�� to 60 ML grown on virtual Ge/Si1−xGex /Si�001�
substrates. The comparison with films grown on single crys-
tal substrates, shown in Fig. 3�a�, clearly shows that the situ-
ation is similar except for 5 ML: in this case M0 is directed
along the �110� direction, thus indicating that the uniaxial
anisotropy with �110� easy axis is more relevant for virtual
substrates. The picture arising from SPIPE essentially shows
that virtual substrates give rise to a very peculiar magnetic
behavior at low coverage, while above 15 ML they behave
very much the same as single crystal ones. Similar findings
are also obtained by MOKE data: we reported in Fig. 6 the
case for 15–60 ML thick films, while ultrathin films will be
considered in a later section. The MOKE loops have been
recorded in situ with H directed along �010� and �100�
�transverse and longitudinal configuration, respectively�. Fe
films are synthesized with the same preparation conditions
�sputtering/deposition incidence planes� of film A on

Ge�001� described in the previous section. As for
Fe/Ge�001� in the same thickness range �Fig. 2�, longitudi-
nal loops are stepped while transverse loops are square, in-
dicating the presence of an uniaxial anisotropy with easy axis
along �010�. In consideration of the interest of
Fe/Ge/Si1−xGex /Si�001� films in view of possible integra-
tion of epitaxial magnetic structures on Si, in the following
we present a detailed analysis of the anisotropy evolution
based on MOKE data taken on such films. Due to the above
similarity with single crystals substrates, however, such dis-
cussion holds true for the last case too �apart from ultrathin
films�. Such an analysis is based on an appositely developed
phenomenological model described below.

A. Phenomenological model of the magnetization process

For a better comprehension of magnetism in Fe thin films
on Ge�001� and Ge/Si1−xGex /Si�001�, a simple phenomeno-
logical model including different anisotropy terms has been
developed, and the film magnetic properties have been ex-
tracted by fitting the measured hysteresis loops. Second-
order effects, as dynamics of domain walls propagation and
Barkhausen noise,28 are neglected, while the magnetization
M is supposed to lie in plane. The total energy �E� of an
arbitrary single domain configuration can be written as29

E =
K1

4
sin2 2� + Ku

�010� sin2�� − 	/2� + Ku
�110� sin2�� − 	/4�

− MH cos�� − �� , �1�

where � and � are the angles between the direction �100� of
the Fe lattice and the vectors H and M, respectively, as
shown in Fig. 1�a�. The intensity of M coincides with the Fe
saturation value, that is MS=1.719�106 A/m,28 while the
angle � determines the effective projection seen by MOKE.
Three different in-plane anisotropy terms are taken into ac-
count, a cubic one �K1� and two uniaxial �Ku

�010� and Ku
�110��.

K1 is the effective cubic anisotropy constant: in films thicker
than 10 ML its value is assumed, to a first approximation, to
be independent from the film thickness and equal to the bulk
Fe�001� value �4.8�104 J /m3�.28 In thinner films, however,
it can be significantly lower because of an interfacial contri-
bution with the opposite sign.30 Ku

�010� and Ku
�110� are the

uniaxial anisotropy constants associated to the �010� and
�110� easy axes, respectively. In the Stoner-Wohlfarth model
of magnetization proceeding via coherent rotation, for a
given value �H� and direction ��� of the applied field H, the
resulting magnetization orientation ��� corresponds to a local
minimum of E���. According to Cowburn et al.,19 however,
in thin epitaxial films the transition between single domain
states, corresponding to local minima of E���, can also result
from the sweeping of a small number of domain walls across
the surface. The involved activation energy can be neglected
since this will happen at defects and film inhomogeneities,
and does not represent a limiting factor. The critical param-
eter is instead the energy needed to unpin the walls, so that
they can propagate freely across the sample. In this simple
scheme, a phenomenological constant 
 is introduced, which
represents the maximum height of the defect energy barrier

FIG. 6. MOKE loops on Fe/Ge/Si1−xGex /Si�001� films of dif-
ferent thicknesses: �a� longitudinal loops; �b� transverse loops.
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that the domain walls encounter as they propagate. In order
to change the magnetization direction, the energy gain of the
transition must be greater or equal to the energy cost in over-
coming the barrier. The physical basis of the model intro-
duced by Cowburn et al. is the observation of sharp magne-
tization transitions at coercive fields much lower than the
magnetic field needed to flatten the valley of the total energy
and produce magnetization jumps via coherent rotation. This
is exactly what we observe in Fig. 2, where the coercive
fields for relatively thick films are of the order of 10 Oe,
much less than the cubic anisotropy �K1=275 Oe�. Note that
in this model no assumption has been made about the mac-
roscopic nature of the pinning. In this sense 
 is just a phe-
nomenological parameter, whose connection with the macro-
scopic film properties is at this level indeterminate.

Neglecting coherent rotation, the form of the total energy
�1� suggests that local minima of E��� can be found in the set
��=0° ,45° ,90° ,180° ,225° ,270° 	, and the “jumps” be-
tween two minima occur via nucleation of domains rotated
by 45°, 90°, 135°, and 180° with respect to the original di-
rection. However, the inspection of our loop shapes shows
the absence of transitions associated to domain nucleation at
45° and 135°, because no steps corresponding to such rota-
tions are detected. For this reason, only propagation of do-
mains at 90° and 180°, with the associated energy barriers

90 and 
180, will be considered in the following. The simple
analytical treatment introduced in Ref. 19 allows us to fit the
data and extract the anisotropy constants for 15–60 ML, but
is not satisfactory in the case of thinner films whose hyster-
esis loops shape clearly indicates that coherent rotation can-
not be neglected. In order to analyze these cases, a numerical
code including coherent rotation and magnetization jumps
via domain propagation has been especially developed. Start-
ing from an initial configuration ��0 ,H0� the magnetic field
is varied to H�=H0+�H and the exact position of the four
local minima �i �i=1,2 ,3 ,4�, close to �0 ,�0+90°, �0+180°,
�0+270°, respectively, is found. For each local minimum the
code verifies if the energetic cost of domain walls propaga-
tion is lower than the total energy gain arising from a mag-
netization jump, i.e., if


90,180 � E��0� − E��i� . �2�

In case the inequality �2� is satisfied for a given � j, with j
�1, a magnetic jump is energetically favored and the new
magnetization orientation is given by � j. Otherwise the mag-
netization undergoes the continuous rotation imposed by the
external magnetic field variation, with a final orientation �1
arising from the displacement of the minimum initially oc-
cupied. In this way hysteresis loops can be simulated and the
fitting of experimental data provides the values of K1, Ku

�010�,
Ku

�110�, 
90, 
180, which are treated as free parameters.
As a result, we find that the �110� anisotropy is not neg-

ligible only in thin films; instead, in thick films Ku
�110� is

much smaller than Ku
�010�, and the �110� term can be

neglected.31 Even though this definitely applies to thin films
on virtual substrates, it is somehow true also for such films
on single crystal substrates. For instance, considering the
case of 5 ML Fe/Ge�001� films, whose loops are reported in

Fig. 4, the fitting procedure for film C �cf. Fig. 4�c�� gives
rise to the following values of the cubic and uniaxial aniso-
tropy constants: Ku

�110� :Ku
�100� :K1=1:2 :2. As expected, ex-

actly the same values are obtained also for film A, where
Ku

�100� is replaced by Ku
�010�.

B. Discussion: thick films (15–60 ML)

The analysis is considerably simpler because the contri-
bution of uniaxial anisotropy with �110� easy axis is rather
small for thick films �15–60 ML� on virtual substrates,32

while the situation for ultrathin ��15 ML� films is more
complex, and will be discussed in a following section. As
noted above, the results shown in Fig. 6 indicate the presence
of an uniaxial anisotropy with easy axis along �010�. On the
contrary, the surface/interface uniaxial anisotropy with �110�
easy axis has a negligible contribution at these relatively
large coverage,9 and, as a matter of fact, hysteresis loops can
be simulated assuming Ku

�110�=0. The only uniaxial aniso-
tropy term that survives in Eq. �1� is Ku

�010� so that the total
energy E can be written as

E =
K1

4
sin2 2� + Ku

�010� sin2�� − 	/2� − MH cos�� − �� .

�3�

For an external magnetic field applied along �100� or
�010� ��=0° or 90°, respectively�, M can attain, by nucle-
ation of domains rotated by 90° or 180°, the four directions

�100�, �010�, �1̄00�, and �01̄0� ��=0°, 90°, 180°, and 270°,
respectively�. MOKE loops in Fig. 6 show abrupt magneti-
zation jumps �apart from second-order effects that smoothen
the edges� that cannot be attributed to coherent rotation as
coercive fields are too small when compared to cubic aniso-
tropy. The simple analytical treatment proposed by Cowburn
et al.19 can then be applied to this case, assuming that M
points always towards one of the four directions mentioned
above. When H is applied along the uniaxial easy axis �010�
��=	 /2�, as in Fig. 6�b�, loops are square and magnetization
jumps are associated to nucleation of domains at 180°. If the
H component along �010� is continuously increased from

negative to positive values, M jumps from �01̄0� ��=−90° �
to �010� ��=90° � when the following condition is satisfied:

�E = E�01̄0� − E�010� = 2MH � 
180. �4�

The corresponding coercive field HC
�010� is

HC
�010� =


180

2M
. �5�

On the contrary, if H is applied along the �100� uniaxial
hard axis ��=0�, as in Fig. 6�a�, loops are stepped, thus
indicating a magnetization reversal in two steps, each corre-
sponding to nucleation of domains at 90°. Following Ref. 19,

the jumps of M, from �1̄00� to �010� and then to �100�,
require that

�E1 = E�1̄00� − E�010� = Ku
�010� + MH � 
90, �6a�
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�E2 = E�010� − E�100� = − Ku
�010� + MH � 
90. �6b�

The corresponding coercive fields are

HC1
�100� =


90 − Ku
�010�

M
, �7a�

HC2
�100� =


90 + Ku
�010�

M
. �7b�

By using Eqs. �4�–�7� and measuring the three coercive
fields HC

�010�, HC1
�100�, and HC2

�100�, it is then possible to calculate
the magnetic parameters of Fe films listed in Table II for
Fe/Ge/Si1−xGex /Si�001� films with thickness ranging from
15 to 60 ML.

In this estimation K1 /M is taken to be 275 Oe as in bulk
bcc Fe. We note, however, that the determination of the exact
value is behind our experimental accuracy: K1 /M 
100 Oe
for 30 and 60 ML and 
50 Oe for 15 ML would produce the
same loop shapes, so that each value in these ranges could be
equivalently used. Nevertheless, this is not a crucial point for
the following discussion, the main information being that the
ratio Ku

�010� /K1 is lower than 6% in any case, even assuming
K1 /M =50 Oe. This is a further confirmation that stepped
loops measured with H 
 �100� cannot be explained in terms
of coherent rotation because, in the latter case, Ku

�010� should
be of the same order of magnitude of K1. It is also worth-
while to note that, during the intensity decrease of H down to
zero in the �100� direction in Fig. 6�a�, M does not undergo
any transition: M0 is directed along �100� and parallel to H,
as shown by SPIPE.

As Fe/Ge�001� and Fe/Ge/Si1−xGex /Si�001� essentially
display the same magnetic and structural properties,7 also in
Fe/Ge/Si1−xGex /Si�001� we can associate the uniaxial an-
isotropy with easy axis �010� to deposition at oblique inci-
dence and substrate sputtering procedures. The values of
Ku

�010� /K1, however, even considering an error of 10−3 on 15
ML and 5�10−4 on 30 and 60 ML �associated to a maxi-
mum error on Ku

�010� /M of ±0.05 Oe, and assuming K1 /M
=50 Oe for 15 ML and 100 Oe for 30 and 60 ML�, show a
nonmonotone evolution with a minimum at 30 ML, that we
attribute to the superposition of the two anisotropy sources.
Sputtering is more efficient in determining the uniaxial an-
isotropy at low coverages, while the influence of out-from-
normal deposition increases with coverage. The combination
of these two effects, the first decreasing and the other in-
creasing with film thickness, could well explain our findings,
setting 30 ML as a turning point.

C. Discussion: ultrathin films (5–10 ML)

We consider now the low thickness regime. In order to
explain the higher uniaxial anisotropy with �110� easy axis
evidenced by SPIPE in the case of Fe/Ge/Si1−xGex /Si�001�,
we must consider the peculiar morphology of virtual
substrates. Figure 7 reports an image of the
Ge�1 �m� /Si1−xGex�10 �m� /Si�001� virtual substrate em-
ployed: a cross-hatch pattern is evident, characterized by a
rms roughness of 3 nm and a periodicity of roughly 500 nm,
due to dislocations formed to relieve the Si-Ge mismatch.33

The edges are oriented along the �110� and �1̄10� directions,
so that they may well contribute to the �110� uniaxial aniso-
tropy, in addition to interface effects arising from dangling
bonds directionality. It is clearly visible in Fig. 7 that the two

directions �110� and �1̄10� are not exactly equivalent, how-
ever, at present we do not have any explanation of why the
�110� direction dominates.

The analysis of MOKE data is more complex in this case
as both the Ku

�110� and Ku
�010� anisotropy terms must be taken

into account. Moreover, the simple model developed in Ref.
19 is no more satisfactory, because at low coverages effects
arising from coherent rotation are clearly visible in the hys-
teresis loops. For this reason, in order to fit the data and
extract the magnetic parameters, we have applied the nu-
merical code illustrated in Sec. A. The results of this proce-
dure for 10 ML of Fe are reported in Table III, while the

TABLE II. Coercive fields and magnetic parameters of Fe/Ge/Si1−xGex /Si�001� thin films, as a function
of the Fe thickness in the range 15–60 ML.

Thickness
�ML�

H 
 �010� H 
 �100�
K1

M
�Oe�

Ku
�010�

M
�Oe�


90

M
�Oe�


180

M
�Oe�

Ku
�010�

K1
HC

�010�

�Oe�
HC1

�100�

�Oe�
HC2

�100�

�Oe�

15 9.6 4.9 10.4 2.7 7.7 19.1 1.0%

30 9.4 7.7 10.5 275 1.4 9.1 18.8 0.5%

60 10.5 7.6 11.5 1.9 9.5 21.0 0.7%

FIG. 7. Optical microscope image showing the cross-hatch mor-
phology typical of virtual substrates.
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experimental �empty dots� and the simulated loops �continu-
ous lines� are shown in Fig. 8. The angle between M0 and
�100�, when H is applied along the �100� direction, is �0
=60.85°, in agreement with the SPIPE results reported in
Fig. 3�b�.

The cubic term K1 /M is definitively lower than the bulk
value for bcc Fe �275 Oe� but comparable with the lowest
value compatible with the 15 ML film �50 Oe�, as discussed
before. By consequence the ratio Ku

�010� /K1 is larger than in
thicker films, while the uniaxial anisotropy related to the
substrate is comparable with the cubic term.

Finally, longitudinal MOKE data for 5 ML coverage, with
H applied along �100�, are reported in Fig. 9 �empty circles�
along with the best fit �continuous line�. A good numerical
simulation can be obtained only by setting Ku

�010�=0 and
keeping only the interface uniaxial term Ku

�110�. This reflects
the superposition of the two sources discussed above: the
cross-hatch pattern of the virtual substrate and the direction-
ality of dandling bonds. As a result, in 5 ML
Fe/Ge/Si1−xGex /Si�001�, the Ku

�110� term completely hides
the Ku

�010� contribution, while in the Fe/Ge�001� film both are
present. In principle, the cross hatch is similar to the ripples
produced by ion sputtering at oblique incidence, and, since

sputtering is done with �010� incidence plane, we could ex-
pect a sort of interference. However the cross hatch is char-
acterized by a rms roughness of 3 nm and a periodicity of
roughly 500 nm, a much more pronounced morphology than
the one possibly produced by sputtering �roughness and pe-
riodicity of 1.1 and of �200 nm, respectively25�. Moreover
the sputtering influence should be considerably reduced by
the subsequent annealing procedures, so that its effect can be
neglected. On the other hand, the influence of out-from-
normal deposition is expected be very small at 5 ML. As a
result, the cross-hatch morphology is the dominant source of
anisotropy.

We consider now the details of the hysteresis loop of Fig.
9 in order to extract the anisotropy constants. When H de-
creases from positive to negative values along the �100� di-
rection, a sharp transition occurs at HC�−2.38 Oe. In this
point M rotates from ��49° to ��221° as a result of the
sum of nucleation and propagation of domains at 180° �as-
sociated to an energy barrier of 
180/M =3.50 Oe�, and of a
coherent clockwise rotation of 8°; the total effective rotation
of M is ��=172°. At H=0 the fit predicts �=45°: M0 is then
oriented along �110�, in perfect agreement with SPIPE �cf.
Fig. 3�b��.

In order to get K1 and Ku
�110� values without assumptions

on K1, we performed an analytical fitting of the hysteresis
loop around H=0 �see Appendix�, that can be applied in this
relatively simple case with only one uniaxial anisotropy. For
small external fields the magnetization M normalized to the
saturation value can be written as

M�100��H�

MS
�

�2

2
+

1

4
Ku
�110�

M
−

K1

M
�H . �8�

TABLE III. Magnetic parameters of Fe/Ge/Si1−xGex /Si�001�
film with thickness of 10 ML. The accuracies are ±1 Oe on the
anisotropy constants and ±0.5 Oe on the energy barriers.

K1

M
�Oe�

Ku
�010�

M
�Oe�

Ku
�110�

M
�Oe�


90

M
�Oe�


180

M
�Oe�

Ku
�010�

K1

Ku
�110�

K1

30 5.5 31 10.3 14.0 18.3% 
1

FIG. 8. Measured �empty circles� and simulated �continuous
line� hysteresis loops from 10 ML Fe/Ge/Si1−xGex /Si�001� film:
�a� longitudinal loop; �b� transverse loop.

FIG. 9. Measured �empty circles� and simulated �continuous
line� longitudinal hysteresis loop on 5 ML Fe/Ge/Si1−xGex /Si�001�
film with the external field H applied along �100�. The direction of
M at different values of H is indicated by arrows.
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By fitting the experimental data with Eq. �8�, the differ-
ence Ku

�110� /M −K1 /M results 10±1 Oe, so that the ratio
Ku

�110� /K1 is greater than one, regardless of the effective
value of K1. This is extremely different from the case of
Ku

�010�, whose contribution is lower than 20% of K1 for all the
films investigated.

As a final remark, we note that for possible applications a
protecting capping of the Fe/Ge films would be needed; this
could well give rise to strong variations of the magnetic
anisotropies. Indeed, preliminary measurements on a 60 ML
thick Fe film on Ge virtual substrate, capped with 30 Å of
Au, show less squared loops with an increase of Ku

�010� /M
and no change of 
90 and 
180. A systematic study of these
effects is however, well beyond the purpose of the present
paper.

V. CONCLUSIONS

To summarize, Fe films have been grown at room tem-
perature onto virtual Ge/Si1−xGex /Si�001� and standard
single crystal Ge�001� substrates, and their magnetic
anisotropies have been extensively investigated by SPIPE
and MOKE. In particular, SPIPE has been employed in a
unusual way in order to find the direction of the remanent
magnetization M0. This method proves to be efficient, does
not require any kind of arbitrary model in order to interpret
the results, and is very surface sensitive, compared to classi-
cal magneto-optical techniques. MOKE loops, recorded on
Fe films on Ge/Si1−xGex /Si�001� in the thickness range 5–60
ML, were fitted by a phenomenological model. They can be
interpreted as the superposition of a cubic �K1� and two
uniaxial anisotropies, with easy axis along �010� �Ku

�010�� and
�110� �Ku

�110��, respectively. Ku
�110� is associated to the Fe/Ge

interface: indeed it disappears above 10 ML; in very thin
films �5 ML� on virtual substrates it is stronger than the cubic
term �Ku

�110� /M −K1 /M =10 Oe� and drives the orientation of
M0. On the contrary, Ku

�010� is mainly associated with bulk
properties. It persists even at large thicknesses �60 ML� but
its strength is lower than K1. It is related to the preparation
conditions of the sample, in particular �i� oblique sputtering
on Ge substrate before Fe deposition and �ii� oblique depo-
sition of Fe film. In particular, we find that the uniaxial easy
axis is always perpendicular to the plane of incidence of the
Fe flux, while sputtering essentially produces a negligible
effect. Morphology and preparation conditions strictly influ-
ence magnetism in Fe/Ge�001� and Fe/Ge/Si1−xGex /Si�001�
films. The knowledge of these mechanisms paves the way to
tune magnetic uniaxial anisotropies of Fe films on Ge�001�.
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APPENDIX

In order to fit the MOKE loop from 5 ML of Fe on
Ge/Si1−xGex /Si�001� around H=0, we used the following
analytical treatment. Eq. �1� without the Ku

�010� term becomes

E =
K1

4
sin2 2� + Ku

�110� sin2�� − 	/4� − MH cos�� − �� .

�A1�

The conditions for minima are

�E

��
= − Ku

�110� cos 2� +
K1

2
sin 4� + MH sin�� − �� = 0,

�A2�

�2E

��2 = 2Ku
�110� sin 2� + 2K1 cos 4� + MH cos�� − �� 
 0,

�A3�

and the possible orientations of M0 can be found by putting
H=0 in Eq. �A2�

�0 = 	/4,− 3/4	 if Ku
�110� 
 K1, �A4�

�0 =
1

2
arcsin

Ku
�110�

K1
if Ku

�110� � K1. �A5�

The solution for Ku
�110��K1 must be excluded, because the

associated loop shape would be incompatible with experi-
mental data in Fig. 9. In between the other solutions �A4�
SPIPE allows us to chose the right one, that is �0=	 /4.
��H�, around the point H=0, can then be approximated by a
linear expansion

��H� =
	

4
+ �H , �A6�

where � is an arbitrary coefficient to be determined. Using
Eq. �A6� and setting �=0 �H applied along �100��, Eq. �A2�
becomes

�E

��
= 2Ku

�110��H − 2K1�H +
�2

2
MH�1 + �H� = 0. �A7�

Neglecting second-order terms in H2 and excluding the
trivial solution H=0, an expression for � is found, that can
be replaced in Eq. �A6� to give

��H� =
	

4
−

�2M

4�Ku
�110� − K1�

H . �A8�

This solution satisfy Eq. �A3�. Finally, the expression for
M�100� /MS around H=0 is
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M�100��H�

MS
= cos���H�� = cos�	

4
−

�2M

4�Ku
�110� − K1�

H� �
�2

2
+

1

4
Ku
�110�

M
−

K1

M
�H . �A9�
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