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Abstract
We report on the structural and magnetic characterization of Ni/Fe/MgO/Fe
structures grown on GaAs(001) and InP(001). High-resolution transmission
electron microscopy images confirm a good crystallographic order of the
structures grown on GaAs(001). On the contrary, the structures grown on
InP(001) do not show any long-range crystallographic order. For structures
grown on GaAs(001), magneto optic Kerr effect analysis shows steps in the
hysteresis loops corresponding to magnetization reversal processes that
occur independently in both ferromagnetic (FM) films. No FM coupling
between the bottom Fe and the top Ni/Fe films is detected. The coercivity of
the bottom Fe film in the junction is increased in comparison to the
Fe/GaAs(001) film of the same thickness most likely due to
crystallographic defects. The defects are created in the top Ni/Fe bilayer
and are spread over the whole single-crystalline structure. For structures
grown on InP(001), a strong FM coupling is deduced from the hysteresis
loops and is interpreted in terms of the orange-peel coupling.

1. Introduction

Metal-based ferromagnetic (FM) spin-aligners, which operate
at weak magnetic fields and room temperature (RT), remain
a subject of great interest, in particular when grown on
semiconducting (SC) substrate. Unfortunately, the up to date
experiments of spin injection directly from the metal-FM
into the SC have only shown effects of less than 2% [1], in
agreement with theoretical predictions for diffusive electron
transport between two materials of very different conductivity
[2]. Recent theoretical works predict that the efficiency of
the spin injection from a FM into a SC can be improved
for electrons created by tunnelling through an insulating (I)
barrier since such a process is not affected by the conductivity
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mismatch and results in the conservation of the spin
polarization [3]. Recently the prediction was experimentally
confirmed [4]. Another possibility is spin injection across
FM/SC interfaces in the ballistic regime with the probability
determined by the difference between the spin conduction
sub-bands of the FM and the conduction band of the SC [5].
And, finally, spin-polarized hot electrons (of energies higher
than EF) can be injected into the SC [6]. If this is realized
by tunnelling between two FM layers, the spin polarization
of the states available for tunnelling comes into play, i.e.
the FM/I/FM structure exhibits tunnelling magnetoresistance
(TMR). The TMR of an epitaxial Fe/MgO/Fe(001) junction
was calculated and a large effect (of 1000% for a perfect
interface and 76% for a Fe–O interface layer) is predicted
theoretically [7, 8] (and recently experimentally confirmed
with the TMR value of 60% at 30 K [9]). Additionally, for the

0022-3727/02/151821+07$30.00 © 2002 IOP Publishing Ltd Printed in the UK 1821

http://stacks.iop.org/jd/35/1821


M Przybylski et al

tunnelling electrons, a barrier to enter the SC is introduced,
which is spin dependent due to the largely different mean free
paths for majority and minority carriers. To achieve the effect
of spin-dependent current injection into the SC, the thickness of
the intermediate FM layer should scale with the inelastic mean
free path of spin-up or spin-down electrons. The resulting
ballistic electron current can be more than 90% polarized [10].

It is obvious that the transport properties of FM/I/FM
junctions depend on the relative orientation of magnetization
in FM layers. In order to operate the junction, i.e. to switch
the magnetization of both FM films independently, one of the
films must be magnetically softer. The switching behaviour
of the soft FM film and the magnetic properties of the hard
FM film can influence each other [11]. The tunnelling
barrier minimizes magnetic coupling between the FM films,
but interactions between them may still be present. First
of all, the presence of any metallic ‘bridges’ through the
insulating barrier will be reflected both in FM coupling and in
the transport properties. Secondly, magnetostatic orange-peel
coupling occurs between the films due to correlated roughness
and due to the magnetic stray fields of the domain walls in
the two FM films [11]. In the case of the epitaxially grown
junctions, strains due to the lattice mismatch between the
growing materials can also play a significant role. In particular,
the strain can influence the coercivity of both FM films making
the independent switching of their magnetization more or less
preferable. The coupling properties can be engineered to
meet the application requirements. This concerns the interface
quality and continuity of the insulating layer/barrier, as well
as determination of the total magnetic moment of one FM film
with respect to the other. The magnetic coupling between the
films should be low enough to allow the independent switching
of their magnetization.

In this paper, we report on the structural and magnetic
characterization of Ni/Fe/MgO/Fe structures grown on
GaAs(001) and InP(001). The main emphasis is put on the
influence of the ‘layer design’ and crystallographic quality of
the junctions on their magnetic properties.

2. Experimental

The sample preparation and characterization were carried
out in an ultra-high vacuum (UHV) multichamber system
equipped with molecular beam epitaxy (MBE), Auger electron
spectroscopy (AES), low energy electron diffraction (LEED),
scanning tunnelling microscopy (STM) and in situ longitudinal
magneto optic Kerr effect (MOKE). MOKE loops were
collected in the longitudinal geometry using an electromagnet
with a maximum field of 300 Oe, and intensity stabilized laser
diode (wavelength 670 nm).

The InP and GaAs substrates were cleaned by 500 eV Ar+

sputtering at 290˚C and 590˚C, respectively. After the cleaning
procedures were completed, no traces of contamination were
detected in AES spectra and sharp LEED patterns were
observed. For InP(001), a P-rich (2 × 4) reconstruction
was obtained, which is known to prevent the formation of
magnetically dead layers at the interface with Fe [11]. For
the GaAs(001) substrate, the cleaning procedure resulted in a
Ga-terminated (4 × 6)-like reconstruction, which is found to

protect the Fe film against strong intermixing with As and Ga
[13, 14].

Fe, Ni, MgO and Au were deposited at a rate
of 1–1.5 ML min−1 by electron beam evaporation from
thoroughly outgassed high-purity Fe, Ni and MgO rods, as well
as from a Mo crucible filled with Au. The growth was carried
out at RT at a pressure between 2 × 10−10 and 6 × 10−10 mbar
(maximum pressure after a long deposition of Ni).

3. Results

For both substrates, the Fe films grown at RT were magnetized
in-plane. In-plane measurement showed a dominant uniaxial
in-plane magnetic anisotropy with the easy-axis along [−110]
and [110] in the Fe films grown on InP(001) and GaAs(001),
respectively [12–15]. We note that in our previous paper
[15], the orientation of the easy-axis in the Fe films grown on
GaAs(001) was erroneously described as oriented along the
[−110] direction. To achieve the growth of a single crystalline
magneto-tunnel junction, we used MgO as the tunnelling
barrier [16]. In this paper, a MgO film of thickness varying
between 10 and 20 ML was grown epitaxially on 14 ML of
Fe previously deposited on InP(001) or GaAs(001), without
any buffer layer. The observed LEED patterns exhibiting
a four-fold symmetry confirm a good crystallographic order
in the Fe and MgO films grown on GaAs(001). After the
preparation of the MgO film, a second Fe film was deposited
at RT, whose LEED pattern was of reasonable quality [15].
Eventually, in order to protect the Fe/MgO/Fe structure against
oxidation, the samples were covered with about 30 ML of Au.
We repeated exactly the same procedure for the growth of
Fe/MgO/Fe magneto-tunnel structure on InP(001). However,
no LEED patterns were seen after the growth of any film of the
structure [12]. In our opinion, this is caused by the structural
disorder in the bottom Fe film. This disordered layer might
affect the epitaxial growth of the further films building up the
junction. High-resolution transmission electron microscopy
(TEM) images confirm a good crystallographic order in the
first Fe and MgO films as well as in the Au-cover layer of
the structures grown on GaAs(001) (figure 1(a)). On the
contrary, the structures grown on InP(001) do not show any
long-range crystallographic order (figure 1(b)). The InP/Fe
interface region is polycrystalline or possibly amorphous
which influences the further growth of Fe, MgO and other
films building up the structure, and explains the lack of LEED
pattern after any film of the structure is grown.

Concerning magnetic properties, the most important for
the junction operation is to orient the magnetization of FM
films anti-parallel at clearly defined ranges of applied magnetic
field. For a better definition of the coercive fields in the two Fe
films, the top layer was made harder by reducing its thickness
and adding Ni, that is known to grow epitaxially on Fe(001)
[15,17]. The first several monolayers follow the bcc-stacking
with the same lateral spacing as it is observed for Fe(001)
[17]. After reaching the critical thickness of about 5 ML, the
Ni overlayer transforms into a more complicated structure. The
resulting Fe/Ni bilayer shows remarkable magnetic properties
like four-fold anisotropies far exceeding those observed in bulk
Fe [17].
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Figure 1. High-resolution TEM images over the cross-sections of:
(a) 30 ML Au/20 ML Fe/15 ML MgO/14 ML Fe/GaAs(001) and
(b) 20 ML Au/20 ML Ni/10 ML Fe/10 ML MgO/20 ML
Fe/InP(001) magneto-tunnel junctions. The images confirm a good
crystallographic order of the structures grown on GaAs(001). The
structures grown on InP(001) do not show any long-range
crystallographic order.

In particular, the thickness of Fe and Ni layers contributing
to the top FM film was chosen with respect to the thickness
of the bottom Fe film (14 ML) in order to get a nearly
zero net magnetization for an anti-parallel orientation of the
two magnetic electrodes. The resulting MOKE loops of
Fe/MgO/Fe on GaAs(001) before adding Ni (figure 2(a)) and
with two characteristic magnetization jumps after adding Ni
are shown in the figures 2(b) and (c). By comparison with
the MOKE loop of a single Fe layer showing only one jump,
and due to its evaluation with adding Ni (that concerns both
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Figure 2. MOKE loops measured at RT along the [110] direction
for 6 ML Fe/10 ML MgO/14 ML Fe/GaAs(001) (a), then covered
with 20 ML of Ni (b), and 30 ML of Ni (c). The loops evolve with
adding Ni showing a remarkably increased coercivity in the top FM
film. Covering with additional Fe decreases the coercivity of the top
FM film as it is seen from the loop measured after covering 30 ML
Ni/6 ML Fe/10 ML MgO/14 ML Fe/GaAs(001) with 10 ML of Fe
(figure 2(d)).

changing coercivity and magnetization), one can conclude that
each jump is related to the switching of magnetization of one
of the two FM layers. The low field jumps in the Kerr signal
are associated with the magnetization reversal in the bottom
Fe layer of the structure. The observed coercivity of the
bottom layer in Fe/MgO/Fe structure is similar to that of a
bare Fe layer on GaAs. Upon adding Ni, the coercivity to
switch the top layer increases significantly. The coercivity
of the bottom layer, however, in the presence of the FM top
Ni/Fe film is often increased in comparison to the coercivity
of the Fe/GaAs(001) film of the same thickness. This increase
may be related to a FM coupling between the two FM layers
separated by MgO or to any other mechanism by which the top
FM film influences the coercivity of the bottom one. The net
ellipticity close to zero (after covering 6 ML of Fe with 30 ML
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of Ni; figure 2(c)) clearly confirms that the steps in the MOKE
loop correspond to magnetization reversal processes that occur
independently in both FM films. The loop (figure 2(c)) shows
a remarkably increased coercivity in the top film. Note that
covering the top Ni/Fe film with additional Fe (the loop
shown in figure 2(d)) results in increasing that part of magnetic
moments that is rotated at a higher field, and thus is confirmed
to correspond to the top FM film. In addition, covering with
10 ML of Fe clearly decreases the coercivity of the top film.
This suggests that the transition to the transformed-bcc-Ni [17]
is partially reversed to a bcc-stacking of Ni atoms that is forced
by the covering Fe layer. This is in agreement with our previous
observation of the Fe-overlayer induced bcc-stacking in the Ni
film grown on GaAs(001) [14].

Any change of Fe thickness in the top Ni/Fe FM bilayer
results in a change of the net magnetization of the sample, and
in the coercivity of the top FM film. As expected, the thicker
the Fe film, the less pronounced the influence of the covering Ni
layer is on the coercivity (for the same thickness of MgO). This
is depicted in figure 3 for Ni/6 ML Fe/MgO/Fe/GaAs(001)
and Ni/10 ML Fe/MgO/Fe/GaAs(001) structures. Covering
with 20 ML of Ni changes the coercivity of the top 6 ML thick
Fe film by about 2.5 mT, whereas in the case of a 10 ML thick
Fe film this change is about 1.5 mT. Even for Ni thickness of
up to 30 ML, the coercivity increases up to 6 mT in the case of
6 ML of Fe, but only up to 4 mT in the case of 10 ML of Fe.

Surprisingly, the [110] direction appears to be the easy-
axis of magnetization also in the top FM film, as is seen from a
comparison between the loops measured along [110] and [100]
directions and shown in figure 4. When hysteresis loops are
taken along the [100] direction (figure 4(b)), the coercivity in
the top FM film is higher than the one measured along [110]
(figure 4(a)). The same effect concerns the bottom Fe film, but
is less visible due to the scale of the figure. It means that the
uniaxial magnetic anisotropy, characteristic of Fe films grown
on GaAs(001) [12–14], persists in the top FM film in spite of
the MgO barrier, suggesting that this anisotropy is related to
the growth-induced film morphology.
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Figure 3. Coercivity of bottom Fe film and top Ni/Fe bilayer of
Ni/6 ML Fe/10 ML MgO/14 ML Fe (◦) and Ni/10 ML Fe/10 ML
MgO/14 ML Fe (•), grown on GaAs(001), plotted vs the Ni layer
thickness. The influence of the covering Ni layers on the coercivity
is less pronounced when the top Fe film is thicker.

The magnetic hardening by Ni, however, does not solely
affect the top Fe layer, but also the bottom layer shows changes
of the coercivity. The net ellipticity of the junction, as it is
seen from our MOKE loops measured for completed junction
structures, does not correspond to the balance between the
magnetization of both FM films when the total thickness of
the junction approaches the penetration depth of the laser light
(it is known that the Kerr signal is more sensitive to the outer
layers). This is why with increasing total thickness of the
structure, the contribution of the bottom Fe film is less visible.
This effect is shown in figure 5, which includes both the loop
of the single 14 ML thick Fe film deposited on GaAs(001)
and the loop of the softer layer measured for the complete
junction (i.e. for the maximum field around the coercivity field
corresponding to the magnetization switching in the bottom
14 ML thick Fe layer of the junction). The difference between
the loops concerns the ellipticity (as mentioned above) as
well as the coercivity that is increased (as it is also seen,
e.g. in figures 2(a)–(c)). The loop measured for the complete
structure with the maximum field around the coercivity of the
bottom Fe layer reflects the magnetization reversal process in
the bottom Fe film in the presence of the magnetically saturated
top Ni/Fe bilayer. The loop is symmetric and barely shifted by
0.15 mT. This small shift shows that the bottom and top layers
are magnetically decoupled, to be more precise, that there is
no FM or anti-ferromagnetic coupling of reasonable size.
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Figure 4. MOKE loops measured at RT for 30 ML Ni/10 ML
Fe/10 ML MgO/14 ML Fe/GaAs(001): (a) along the [110],
(b) along the [100] direction. The coercivity is higher when the
loops are measured along the [100] direction confirming that the
uniaxial magnetic anisotropy persists in the top FM film.
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Figure 5. MOKE loops measured at RT along [110] for 14 ML of
Fe: as the separate film on GaAs(001) ( , left axis) and as the
bottom film building up the 30 ML Ni/10 ML Fe/10 ML
MgO/14 ML Fe/GaAs(001) junction (◦, right axis). The last one
was measured for the maximum field around the coercivity
corresponding to the magnetization switching in the bottom Fe film
of the junction. The small shift between the loops shows that there
is no ferro- or anti-ferromagnetic coupling between the bottom and
top FM layers.

1824



Fe/MgO/Fe magneto-tunnel junctions

E
lli

pt
ic

ity
 (

in
 µ

ra
d)

GaAs(001)

20ML Fe

25ML MgO

10ML Fe
10ML Ni

GaAs(001)

20ML Fe

25ML MgO

10ML Fe

20ML Ni

GaAs(001)

25ML MgO

6ML Fe

30ML Ni

10ML Fe

(a)

(b)

(c)

(d)

B ||  [100]

GaAs(001)

20ML Fe

25ML MgO

10ML Fe

Magnetic field (in mT)

–20 –10 200 10

bottom Fe film

 

 

 

 

–350

0

350

–350

0

350

–350

0

350

–350

0

350

Figure 6. MOKE loops measured at RT along the [100] direction
for 10 ML Fe/25 ML MgO/20 ML Fe/GaAs(001) (a), then covered
with 10 ML of Ni (b), 20 ML of Ni (c) and 30 ML of Ni (d). The
influence of the of the top FM film on the coercivity of the bottom
one almost vanishes at a MgO thickness of about 25 ML.

The influence of the magnetic hardening of the top layer
by Ni on the bottom Fe layer is a function of the MgO spacer
thickness. From the shape of the hysteresis loops measured
for junctions of varying MgO thickness, it is seen that the
influence of the top FM film on the bottom one decreases fast
with increasing MgO thickness, and almost vanishes above
about 25 ML of MgO. The coercivities approach the values
of single films irrespectively of the Ni layers. This is clearly
deduced from the unchanged coercivity in the bottom Fe film
after the junction structure was completed, as it is observed
from figures 6(b)–(d) in comparison to figure 6(a).

The hysteresis loops we measured for Ni/Fe/MgO/Fe
junctions grown on InP(001) show simultaneous switching of
magnetization in both FM layers. After the deposition of the
first (bottom) Fe film, the uniaxial magnetic anisotropy with
the easy-axis of magnetization along the [−110] direction is
clearly visible (figures 7(a) and (b)). Taking into account
the lack of LEED pattern and the disordered structure seen
in the TEM cross-section, the nature of the uniaxial in-plane
magnetic anisotropy remains unclear. After the deposition of
the MgO insulating barrier and the top Fe film (10 ML thick),
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Figure 7. MOKE loops measured at RT along the [−110] and [110]
directions, for 20 ML Fe/InP(001) ((a) and (b), respectively), for
10 ML Fe/10 ML MgO/20 ML Fe/InP(001) ((c) and (d),
respectively), then covered with 10 ML of Ni ((e) and ( f ),
respectively) and 20 ML of Ni ((g) and (h), respectively). Applying
the magnetic field along the [110] direction, the switching of
magnetization in both FM films occurs at the same magnetic field
suggesting ferromagnetic coupling of the two films.

two-step loops were measured, but of only slightly different
coercivity for both films (figures 7(c) and (d)). Assuming that
the steps correspond to the coercivity of the bottom and top Fe
films, the almost identical coercivity is not surprising. After
an additional covering of the top Fe film with 10 ML of Ni
(figures 7(e) and ( f )) or more (figures 7(g) and (h)), the loops
become one-step-like. Applying the magnetic field along the
[110] direction, the switching of magnetization in both Fe films
occurs at the same magnetic field corresponding to the average
coercivity of both FM films weighted with their total magnetic
moment. This points at FM coupling of the two layers.

4. Discussion

The coercivity corresponding to the magnetization reversal in
the bottom Fe film in the structure differs from the coercivity
of an individual Fe film of the same thickness. This effect
is usually related to the coupling energy between both FM
films building up the structure. The magnetic coupling
between two FM films can originate in several effects [11]:
(a) pinholes across the insulating barrier, (b) ‘orange-peel’
coupling resulting from the roughness of magnetic electrodes
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and (c) coupling between the domain walls by stray fields from
walls in FM films.

Pinhole formation and the resulting metallic ‘bridges’
should be immediately reflected in an electrical short-
circuit between the FM electrodes, which we excluded
with conductivity measurements (not shown). In addition, the
FM coupling should be strong in this case and visualized by
the strong dependence of the coercivity of the bottom Fe film
on the MgO thickness [18], which is not the case. In particular,
the switching field of the bottom Fe film should be sensitive
to the magnetization of the top FM film and increase with
the magnetization of the top layer. The tendency we observe
(see figure 3), however, is quite opposite.

Orange-peel coupling is negligible because the interfaces
are very sharp (figure 1(a)) and spreads over no more than
2–3 ML. Furthermore, any FM coupling should lead to a shifted
loop for the bottom layer, if measured around the coercivity
field of the bottom Fe layer, which we excluded (see figure 5).

The coupling between the domain walls cannot play
any crucial role. In this thickness range, we are close to
the single-domain limit that is also supported by the shape
of the hysteresis loops we measured. The loops measured
along the easy-axis of magnetization are of regular rectangular
shape characterized by sharp magnetization switching. The
magnetization reversal does not occur continuously within
a certain range of the increasing magnetic field [19]. The
loops suggest that no dipolar coupling between the domain
walls exists: after the magnetization in the bottom Fe film is
abruptly switched, the loops continue almost ideally parallel
to the field axis. Only when the coercivity of the top layer is
reached, it switches abruptly from the anti-parallel orientation
with respect to the bottom layer to the parallel configuration.

Nevertheless, the switching fields display a strong
dependence on the thickness of the top FM films and a weaker
one on the MgO insulating barrier. However, the increase of
the coercivity in the bottom Fe film is related rather to the
thickness of the Ni layer than to the magnetization of the top
Ni/Fe film. As it is shown in figure 3, the coercivity of the
bottom Fe film is slightly affected by the top FM film, and
even less affected when the magnetization of the top Ni/Fe
film is increased by a thicker Fe layer. In addition, adding
10 ML of Fe to the Ni/Fe bilayer (that clearly decreases its
coercivity) does not influence the coercivity of the bottom Fe
film (figure 2(d)). This indicates that the coercivity of the
bottom layer is not directly related to the magnetic moment or
coercivity of the top layer. Also the negligible FM coupling
between the films (see figure 4) supports that the magnetic
hardening of the bottom layer is not driven by any kind of
magnetic coupling to the top layer. Instead, it suggests that
the top FM layer affects the coercivity of the bottom one
by changing its crystallographic structure. Crystallographic
defects like dislocations created in the top Ni/Fe film might
be transmitted through the MgO to the bottom film as it is
a common process in the single-crystalline structure. This
suggestion is based on an irreversible character of the changes
of the bottom Fe film coercivity, that are not related to the
maximum moment and the maximum coercivity of the top
Ni/Fe layer. With increasing the thickness of Ni grown
on the bcc-Fe, its lattice transformation to the transformed-
bcc [17] structure must result in an increasing number of

defects. The structural defects cause the increase of the
coercivity of the top Ni/Fe film, and possibly simultaneously
penetrate into the bottom Fe film increasing its coercivity as
well (figure 3). If the Fe layer in the top Ni/Fe film is thicker,
then it is less susceptible for the Ni layer lattice transformation.
As a result, the coercivity of the bottom Fe film increases
only slightly with adding Ni to the top film. The growth
of 10 ML of Fe on the top Ni/Fe does not create any new
defects, thus the coercivity of the bottom Fe film remains
unchanged (figure 2(d)). The influence of the top FM film
on the bottom one decreases fast with increasing the MgO
thickness and vanishes above the thickness of about 25 ML
(figure 6). This was deduced from the fact that the coercivity
fields approach the values of separated films. In this case, the
MgO layer is thick enough that the crystallographic defects
created in the top Ni/Fe cannot reach the bottom Fe film
and affect its coercivity. This is in agreement with what one
can expect by a qualitative analysis of the strains existing
in the Ni/Fe/MgO/Fe single-crystalline system grown on
GaAs(001). The lattice constants of Fe (2.87 Å) and MgO
(4.21 Å, MgO[110]‖Fe[100]) are smaller in comparison to
the lattice constant of GaAs(001) (1/2 of 5.65 Å), thus both
the bottom Fe and MgO layers (pseudomorphically grown on
GaAs(001) and on Fe, respectively) are compressed. In the
case of very thin MgO layer, the stress is not relaxed and the
growth of the top Fe layer proceeds almost in the same way
as of the bottom one. In the case of thick MgO layer, the
stress is relaxed, thus the top Fe layer is expanded to fit the
lattice constant of the ‘bulk’ MgO, and thus less sensitive to
the structural transformation occuring in the forthcoming Ni
overlayer.

Note that in the loops measured along the [100]
direction (that is the four-fold easy-axis of magnetization), the
magnetization reversal process in the top Ni/Fe bilayer occurs
in two steps, which are characterized by two slightly different
coercivities (figures 4(b) and 6(c)). The simplest interpretation
relates the steps to successive switching of magnetization by
90˚ domain walls. This is supported by the symmetry of the
steps.

The MgO barrier in the structures grown on GaAs(001)
appears continuous and pinhole-free at the TEM scale.
This correlates with the observed independent switching of
magnetization and the negligible FM coupling between both
FM layers. In the case of Ni/Fe/MgO/Fe structures grown
on GaAs(001), due to the almost perfect structural quality,
continuity and flatness of the MgO film, both FM films are
electrically insulated. On the other hand, the MgO barrier
in the Ni/Fe/MgO/Fe structure grown on InP(001) is of
worse quality as it is visible first of all from its ‘wavy’
interface (compare figures 1(b) with (a)). Such an interface
may be responsible for the strong FM coupling between the top
and bottom FM layers observed in this case [11]. The strong
magnetic coupling is deduced from the hysteresis loops we
measured for Ni/Fe/MgO/Fe junction structures grown on
InP(001). We attribute this behaviour to the wavy interfaces
in the junction in this case. Such rough features (‘orange-
peel’) at the interfaces of the bottom Fe film are reproduced
in the MgO interface with the top FM film (figure 1(b)) and
magnetostatic coupling occurs between them. The coupling
causes the simultaneous switching of magnetization in both
FM films.
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It is clearly seen from figures 7(a) and (b) that the Fe
film deposited on InP, despite its polycrystalline structure,
exhibits an in-plane anisotropy. The [−110] direction seems
to be the easier axis of magnetization in comparison to the
[110] axis very likely due to the morphology of the film that
reflects the InP(001) reconstruction [12]. In addition, by
covering the top Fe film with Ni, the in-plane anisotropy is
changed in both FM films of the Ni/Fe/MgO/Fe/InP(001)
structure. The [110] direction becomes the common easy-axis
of magnetization of the structure, whereas [−110] seems to
be a hard-axis of magnetization, in particular for the bottom
Fe layer (figure 7). A similar observation was made for Fe
films grown on InP(001): above a critical thickness of about
20 ML of Fe, the [110] direction became the easier axis of
magnetization with no correlation to the film morphology
as seen by STM. A structural transformation of the films is
suggested to be responsible for this changed in-plane magnetic
anisotropy of the system in both cases. However, this statement
is difficult to be proven due to the film structure which is
polycrystalline and no LEED analysis can be performed. Also
the STM experiments were not able to detect a clear change in
the morphology of such a disordered system.

5. Summary

In the case of single-crystalline Ni/Fe/MgO/Fe/GaAs(001)
structures grown on GaAs(001), MOKE analysis confirms that
the steps in the hysteresis loops correspond to magnetization
reversal processes that occur independently in both FM
films. The loops measured for the bottom Fe films (for the
maximum field around the coercivity of the separate film of
the same thickness), in the presence of the top Ni/Fe film,
are symmetric around zero field showing that the films are
not ferromagnetically coupled. The loops measured along
[110] (easy-axis of magnetization) are of rectangular shape,
showing sharp magnetization reversals and the anti-parallel
orientation of magnetization in the two FM layers in a well-
defined range of the applied field. The coercivity in the bottom
Fe film increases with the increasing thickness of Ni layer in
the top Ni/Fe film. We suggest that this fact is caused by the

crystallographic defects created in the top Ni/Fe bilayer that
penetrate the bottom Fe film.

For magneto-tunnel structures grown on InP(001), a
strong FM coupling between the FM films is deduced
from the hysteresis loops showing simultaneous switching of
magnetization in both films. This behaviour is interpreted as a
result of orange-peel coupling.
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