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Abstract

Structure, morphology, and magnetism of epitaxial Fe ,Co, _, alloy ultrathin films grown on Cu(1 0 0) in ultrahigh
vacuum were investigated by a multi-technique approach over the whole composition range up to thicknesses of nine
atomic monolayers (ML). Combining the results of the different techniques it is found that the films grow at room
temperature in a distorted FCC structure with random chemical order. The amount and sign of the distortion depend on
thickness and composition. Below = 60 to 70% Fe content the alloy films are smooth, and exhibit two different vertical
interlayer distances. At higher Fe concentrations several superstructures are observed, which are attributed to regular
structural rearrangements. The structural relaxation above 4 ML thickness known from pure Fe films is not observed in
the FeCo alloy films. Instead a gradual structural change towards a BCC(1 1 0) structure with increasing thickness occurs
at higher Fe concentrations, and is still not complete in films as thick as 9 ML. The interrelation between morphology
and structure in Fe, Co, _./Cu(1 0 0) is discussed in terms of composition-dependent lattice parameters and strain. An
expansion of the films in the plane leads to a stabilization of the FCC structure, whereas a compression leads to
corrugated films with a tendency towards structural transformations. The absence of the relaxed FCC structure found in
pure Fe films is explained by Co atoms acting as defects in the FCC structure of the alloy films either in a geometrical
sense and/or because of their different magnetic moment with respect to the Fe atoms in both ferromagnetic and
antiferromagnetic configurations of FCC Fe. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 68.55. — a; 75.50.Bb; 75.70.Ak
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1. Introduction

One of the most interesting issues in ultrathin
film magnetism is the interrelation between mor-
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phology, structure, and magnetism. Although
a considerable amount of work on ultrathin films
has gone into investigating each of these points
individually [1,2], the interrelation between these
parameters, in particular between magnetism and
crystalline structure, is still under discussion. A re-
cent example for the influence of structure on
magnetism was given by Zharnikov et al. [3,4].
In Fe/Cu(100) films of four monolayers (ML)
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a structural transformation at a critical temper-
ature of 320 K is tied to a change of the magnetic
properties of the film, namely to a transition from
a ferromagnetic to a non-ferromagnetic state. A less
investigated subject is the influence of morphology
on crystalline structure or vice versa. Different film
morphologies as a consequence of different growth
conditions such as temperature and deposition rate
may be the main reason for the observed shifts of
the onset thickness of the FCC to BCC structural
transition in ultrathin Fe films [5-8]. The influence
of enhanced surface roughness on the magnetic
anisotropy of the films was amongst others investi-
gated by Chappert et al. [9]. It was found that
an enhanced roughness generally decreases the
uniaxial anisotropy contributions. It is important
to know the relevant parameters for the determina-
tion of the roughness itself. Several investigations,
e.g., for Fe/Cu(100) [5,10-12], Fe/Cus;Au(100)
[6,7], or Co/Cu(1 00) [13,14] have shown that the
growth temperature can play a major role, as does
the deposition rate [15,16].

The effect of principal structural parameters, like
the lattice constant of the film in relation to the
substrate lattice (lattice mismatch), on the rough-
ness developing in the growth process is more
difficult to investigate. Up to now, mostly single
element films have been investigated. In this situ-
ation the lattice parameter in the film can only be
modified by growing onto a different substrate. The
physical properties of the film will therefore change
discontinuously with the lattice parameter. This
makes it difficult, if not impossible, to recognize
a general trend for the influence of the lattice para-
meter on the morphology or on the magnetization.
For this kind of investigations one would like to
continuously vary the lattice parameter of the films.
We will show in this article that a convenient way
to do so is to use a binary alloy thin film system. In
this case a continuous variation of the film com-
position can lead to a continuous alteration of film
properties such as the lattice parameter and the
average magnetic moment, and thus facilitate the
study of interrelations in the structural, mor-
phological, and magnetic behavior.

We present a multi-method investigation to
disentangle the possible relationships between
structure, morphology, and magnetism in a hetero-

epitaxial thin film system. As a model system
Fe,Co;_,/Cu(100) was chosen. There are two
major reasons for this choice: On the one hand each
of the single component films Fe/Cu(1 00) and
Co/Cu(100) were investigated very thoroughly
[3-5,10-15,17-43], so that they can serve as a refer-
ence. On the other hand, these systems show quite
opposite behavior with respect to magnetism and
structure, which can result in interesting properties
in the related alloy films. In particular, the Fe films
assume a magnetization perpendicular to the sur-
face below a certain critical thickness of about
10 ML [11,12,17-22], whereas the easy axis of
magnetization in Co/Cu(1 0 0) always lies in the
plane of the film [23-26]. The structural properties
of Fe and Co films are also different. Whereas both
films initially grow in an FCC-like structure match-
ing the lateral lattice constant of the substrate, the
dependence of the film structure on thickness is
quite different. Co films keep the FCC structure up
to a large thickness [13,14,25-297. This structure is
compressed vertically with respect to pure Cu [27].
The strain in the films is nearly constant up to
about 16 ML, and is then released via formation of
dislocations, the films still keeps the FCC structure
[30]. In contrast to this, Fe films on Cu(100)
grown at RT undergo rather complex changes in
their structure during growth. Up to ~ 4 ML the
entire film is vertically expanded with respect to Cu,
having a complex FCC-like structure with
sinusoidal reconstruction both in the plane of the
film, and perpendicular to this plane [31,32].
Above 4 ML thickness the ‘bulk’ of the film relaxes
to a nearly unstrained FCC structure, whereas the
topmost layer still shows an expanded interlayer
distance [33,34]. In these films no reconstruction
perpendicular to the film plane is observed [33,34].
In even thicker films a structural transformation
from FCC to BCC occurs around 10 ML thickness
[10,35-37]. This structural transformation is com-
monly held responsible for the switching of the
magnetization into the film plane. Scanning tunnel-
ing microscopy (STM) investigations have revealed
that already for thinner Fe films below 5 ML BCC
precipitates can be found [10,36], which then devel-
op into BCC grains with increasing thickness. The
occurrence of these precipitates may be considered
as an important factor facilitating the transition
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from the fully expanded film to the relaxed struc-
ture at 4 ML thickness. Although this transition is
essentially driven by a film energy reduction
through relieving the strain in the films, the BCC-
precipitates can provide a practical mechanism to
overcome the respective energy barrier acting as
dislocations which are necessary to realize the mis-
match between the relaxed film and the substrate.
This transition is also affected by the morphology.
Fe films grown at low temperature (~ 120 K, LT)
on Cu(1 0 0) show a different behavior compared to
that of room temperature grown (RT) films. Where-
as the structure of the LT films is quite similar to
that of the RT films up to ~4 ML, the LT films do
not show the transition to the relaxed FCC Fe
structure above that thickness. Instead a direct
transition to a (1 10) oriented BCC structure is
observed between 3.2 and 5.8 ML thickness [5].
A possible reason for these structural peculiarities
may be found in the different morphology of RT
and LT Fe films. STM investigations have shown
that LT films grow in small islands in contrast to
a formation of large islands found for RT films
[10,36].

Bulk FeCo alloys crystallize in various structural
phases depending on the composition: at room
temperature they assume the BCC structure over
an extended composition range (25-100% Fe), but
also FCC (5-10% Fe), HCP (0-5% Fe), and an
BCC/FCC mixed phase are encountered (10-25%
Fe) [44]. The magnetic moment of bulk BCC FeCo
shows a maximum at about 70% Fe content
[45,46].

In a previous short publication we have shown
that Fe,Co; _, films grow on Cu(1l 0 0) as chemi-
cally randomly ordered alloys in an FCC-like struc-
ture [47]. This was later confirmed by Tobin et al.
[48,49]. In contrast to bulk BCC FeCo alloys no
maximum of the magnetic moment as a function of
composition was observed; instead, a nearly linear
increase with increasing Fe content was found [47].
Preliminary measurements of the vertical interlayer
distance of 5 ML thick Fe,Co;_, films have re-
vealed that they depend on the composition of the
films [47]. In a certain thickness range of FeCo/
Cu(100) a composition-driven spin-reorientation
transition from in-plane at lower Fe concentrations
to perpendicular at higher Fe concentrations

can be observed [50]. Here we extend these investi-
gations by detailed low-energy electron diffrac-
tion (LEED), medium-energy electron diffraction
during film growth (MEED), and magneto-optical
Kerr-effect (MOKE) experiments, and combine the
results obtained from the different methods to ob-
tain a coherent picture of the structural, mor-
phological, and magnetic properties of ultrathin
Fe,Co;y-./Cu(l 0 0) films.

The organization of this paper is as follows: In
Section 2 we will shortly describe the experimental
setup. Detailed experimental results of LEED,
MEED, and MOKE studies on Fe,Co, _ films are
provided in Section 3. In the discussion (Section 4)
we compare the experimental findings of the differ-
ent techniques, and discuss how morphology, struc-
ture, and magnetism are related to each other in the
Fe,Co, _, alloy system. At the end, the results are
summarized in Section 5.

2. Experiment

Fe.Co, _, films were deposited onto a Cu(1 0 0)
single-crystal substrate kept at room temperature
(300 + 5 K) in an ultrahigh vacuum chamber by Fe
and Co co-evaporation from two separate sources.
The growth process was monitored in situ by
MEED, which allowed to control the film thickness
with an accuracy of about 2-5%, and at the same
time provided a means to judge the morphology of
the films already during evaporation. In these
MEED experiments, the specularly reflected inten-
sity of a 2 keV primary electron beam at 3° grazing
incidence in the [0 0 1] azimuth of the substrate
was recorded as a function of evaporation time.
The film composition was determined by Auger
electron spectroscopy with an accuracy of 5% us-
ing calibration curves derived from pure Fe and Co
films on Cu(1 00) [47]. The structural properties
and the morphology of the films were investigated
by LEED. The in-plane geometrical structure was
extracted from LEED patterns, whereas the rough-
ness of the films was judged from the intensity of
the diffuse background. A fast kinematic analysis of
LEED-I(E) curves for the specularly reflected
electron beam, incident at an angle of 7° to the
surface normal in the (0 0 1) azimuth, allows one to
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determine the average vertical lattice spacing for
most of the films. Vertical lattice parameters of
Fe/Cu(1 00) films measured this way [3,4], show
a very good agreement when compared to more
sophisticated, but also more time consuming fully
dynamical LEED-analyses of several different
LEED beams: In particular, in Fe films containing
the relaxed FCC phase two coexistent vertical dis-
tances of 1.85 and 1.8 A are found by the kinematic
analysis [ 3,4], compared to 1.85 A for the top layer
distance, and varying layer distances from 1.81 to
1.77 A in lower layers extracted from a full-dynam-
ical LEED-analysis [38]. In 15 ML Ni films on
Cu(1 0 0) the kinematic analysis yields 1.69 A [51],
which agrees exceptionally well with a fully dynam-
ical analysis of 11 ML Ni/Cu(1 0 0) of Platow et al.,
where values between 1.690 and 1.700 A have been
found for the five topmost vertical layer distances
[52]. As long as just the mean vertical atomic
interlayer distance is concerned, we thus believe
that the kinematic analysis of one LEED beam can
in most cases provide values with a comparable
accuracy as dynamic analyses.

Magnetic properties of the alloy films were
probed by MOKE. MOKE measurements were
performed in polar and longitudinal geometry [6,7]
in a temperature range between 120 and 300 K.
A more detailed description of the whole apparatus
can be found elsewhere [4,53].

3. Results

Fig. 1 displays the variation of the intensity of
the specularly diffracted (00) electron beam in
the MEED experiments during evaporation of
Fe,Co, -, films with different compositions. Up to
an iron content of 60% the data shows pronounced
oscillations starting at the second monolayer. This
points towards good layer-by-layer growth and
a smooth film surface after completion of each
atomic layer. Further increasing the Fe content
leads to a gradual damping of the intensity oscilla-
tions with increasing film thickness. The film thick-
ness at which this damping starts decreases with
increasing Fe content. It has to be emphasized that
for Fey,Cog and pure Fe films an astonishing dif-
ference between the intensity curves is found above
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Fig. 1. Intensity of the specularly reflected MEED beam during
evaporation. For a better display the curves are vertically offset.
The triangles denote the end of evaporation.

3 ML film thickness, whereas both curves are vir-
tually identical below this thickness. Associating
a high MEED (0 0) beam intensity with a smooth
surface, the films can be believed to be smooth over
most of the concentration and thickness range
investigated, except at Fe concentrations of
60% < x < 100% with thicknesses d > 3.5 ML.
This smoothness is confirmed by the low inten-
sity of the LEED diffuse background. Fig. 2 shows
LEED images of films with the thicknesses and
compositions indicated at the respective panels.
The diffuse background of the raw images is higher
for films with high Fe content and large thick-
nesses, especially for films (d) (5 ML Feq3Co-) and
(e) (9 ML Fey(Coyy) (due to image processing the
background of all images reproduced in Fig.2
looks similar). For 4 ML FegsCoyy (c) the
background is already slightly higher than for the
relatively thick 9 ML Fe,qCogo film (a). This
is compatible to the MEED results, further
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(a) 9 ML, x=40%, 145 eV (d) 5 ML, x=93%, 126 ¢V

(b) 3 ML, x=85%, 135 eV

(c) 4 ML, x=86%, 135 eV

(f) 12 ML Fe, bee(110), 113 eV

Fig. 2. LEED diffraction patterns for films of different thick-
nesses and compositions as indicated. The curves show the
integrated intensity profile along the rectangular areas.

corroborating the interpretation in terms of
smooth and rough film surfaces.

Line scans of the LEED intensity across the (0 1)
diffraction spot are plotted into the images to point
out the superstructure spots. These linescans were
obtained by summing the intensity over the width
of the indicated rectangles. No superstructures are
observed for the Fe,Co, _, films with Fe concen-
trations below = 60-70%. As an example the
9 ML Fe,(,Cog film can be taken. Like pure Co
films [13,14,25,26,28], it shows a (1 x 1) structure.
Very sharp spots are observed indicating a smooth
film with good long-range crystalline order. For
films with higher Fe content, for which the intensity

in the MEED experiments starts to decrease at
thicknesses t > 3 ML (cf. Fig. 1), several superstruc-
tures are observed. For 3 ML FegsCoy 5, similar to
pure Fe films of this thickness [31,32], (4 x 1) super-
structure shows up (Fig. 2b). Not only this super-
structure, but also the diffuse background of the
FegsCoys film is very similar to that of pure Fe
films of the same thickness. Going to 4 ML
FegeCoyy, the superstructure changes to a (6 x 1)
pattern, marked by a decreasing distance between
the (0 1) spot and the superstructure spots (Fig. 2c).
This pattern is different to that of the correspond-
ing thickness of pure Fe films, where a (5 x 1) super-
structure is observed [32]. The background
intensity, too, is higher for FeCo compared to pure
Fe. Increasing further the thickness to 5 and 9 ML
(Figs. 2d and e, respectively), the Fe,Co,_, films
with x = 93% and 90% show a (7x 1)and a (4 x 1)
superstructure, respectively. At first sight the super-
structure found for the 9 ML Feq,Co;, film looks
very similar to the pattern of pure Fe films after the
transition from FCC to BCC(110). The LEED
pattern of such a film (12 ML Fe/Cu(1 0 0)) is pre-
sented in Fig. 2f. However, in addition to the fact
that the background intensity of the 9 ML FeqoCoy
film is much higher than that of the 12 ML Fe film,
one clearly observes distinct differences between
the two intensity profiles. Whereas the profile of the
12 ML Fe film shows two clearly separated peaks,
the intensity profile of the 9 ML FegoCoyo film
consists of two overlapping peaks on either side of
the (1 0) diffraction spot with equal spacing be-
tween the additional peaks and the central (1 0)
spot, corresponding to a (4 x 1) superstructure.

Summarizing the findings of the LEED experi-
ments for different compositions, one can distin-
guish four regimes:

(i) x < = 60% with (1 x 1) structure,

(i) 60% <x <100% and t<=3-4ML with
(2 x 1)and (4 x 1) superstructures and relatively
low background intensity,

(iii) 60% < x < 100% and t > =~ 3-4 ML with in-
creasing background intensity and (6 x 1),
(7 x 1), and (4 x 1) superstructures, and

(iv) x =100% and t > =~ 3-4 ML with still low
background intensity and (5x1) and (2x1)
superstructures.
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Let us next consider the vertical interlayer distan-
ces extracted from the I(E) curves of the specular
beam. We first keep the thickness of the films con-
stant at 5 ML, and vary the composition. At this
thickness we come across the area of low MEED
beam intensity at high Fe concentrations, of high
surface roughness, and pass several superstructures.
After this we will focus on the development of the
interlayer distances in films with a constant com-
position, namely Fegs Coy s, upon changing the film
thickness, and compare this with the results for
pure Fe films.

For films with a fixed thickness of 5 ML some of
the I(E)-curves used in the evaluation of the inter-
layer distances are shown in Fig. 3. A sequence of
intensity maxima in the spectra can be associated
with a certain interlayer distance. The energy posi-
tions of the maxima in such a sequence, shifted by
the inner potential, are proportional to n?/d?,
where d is the interlayer distance, and n an integer
number [4]. Looking at Fig. 3 one can clearly
identify these sequences of maxima. Compared to
the clean Cu(1 0 0) surfaces the maxima related to
the 5 ML Co film are shifted to higher energies
corresponding to a smaller interlayer distance d.
One can also see that, although the Co film is only
5 ML thick, the contribution of the Cu(1 0 0) sub-
strate itself to the I(E)-spectrum is negligible.
Adding Fe to the films, a shoulder on the lower
energy side of the maxima found for pure Co
emerges. The intensity of this shoulder increases
with the Fe content, and develops into a new se-
quence of maxima. Above 70% Fe the sequence on
the higher energy side, shaded dark, vanishes com-
pletely. Not only do the relative intensities of the
two sequences of maxima change with the Fe con-
tent, but also shift both sequences to lower energies
corresponding to larger average interlayer distan-
ces.

A possible explanation for two co-existing se-
quences of maxima/vertical interlayer distances
would be a contribution from the substrate. How-
ever, the mean free path of the scattered electrons in
the present energy range is quite small, and a sub-
strate contribution in the 5 ML film can be ex-
cluded on the basis of the above argument, as is
seen from Fig. 3. Consequently, a substrate contri-
bution could show up only for a film with a very

L I e e e e e e e e e e e

Fe,Co;./ Cu(100) 5 ML

Fe 12 ML bece (110)

g

K_\’ Fe 4 ML

F895C()5
FeggCogo
FezoCoso

FegsCoss

(00) beam intensity (arb. units)

F630C070

Cu(100)

o § I U S S WO IS S

0 100 200 300 400 500 600 700
beam energy (eV)

Fig. 3. I(E) spectra for Fe,Co, _, films of different compositions
but constant thickness of 5 ML, except for pure Fe where
a 4 ML thick film was investigated. As a comparison the figure
includes I(E) spectra for the Cu substrate and a BCC(1 1 0) Fe
film. The sequences of maxima belonging to a certain vertical
interlayer distance are shaded light and dark.

inhomogeneous coverage, comprising regions of
very thin film thickness. Such an inhomogeneous
film thickness implies a high surface roughness,
thereby resulting in low MEED intensities and
a high intensity of diffuse background in the LEED
image. None of this is observed for the films under
discussion. The two sequences of maxima must
therefore be related to the intrinsic structure of the
FeCo film. Two possible geometrical arrangements
may lead to the observed co-existence of different
interlayer distances: (i) laterally confined regions
with varying interlayer distances, or (ii) a vertical
stacking of layers with the two distances. The first
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Fig. 4. Vertical interlayer distances calculated from LEED-I(E) spectra of the specular beam. (a) Results for Fe,Co, _, films of 5 ML
thickness (except pure Fe: 4 ML), and different compositions, (b) results for Fe,Co, _, films with 80% < x < 100% and different
thicknesses. Additionally, the values of the Cu substrate and BCC(1 1 0) Fe films are indicated. The literature values for bulk FCC(1 0 0),
BCC(100), and BCC(1 1 0) FeCo from Ref. [60] are reproduced as solid lines.

case implies a disalloying of Fe and Co resulting in
areas with predominant Fe or Co content. In this
case the increase of the intensity of the maxima of
one component and the respective decrease of the
intensity of the other component with film com-
position would suggest that the composition in
both of these areas stays nearly constant, indepen-
dent of the overall composition of the films. This
should consequently result in two interlayer distan-
ces/sequences of maxima, the energetic position of
which would be independent of the overall com-
position of the films. As can be seen in Figs. 3 and
4a, this is not the case. In fact, both sequences of
maxima and hence both resulting interlayer distan-
ces show a smooth variation in energy and value,
respectively. Therefore, arrangement (ii), namely
a vertical stacking of different interlayer distances,
is much more likely. A slight phase separation
(segregation) of the Fe and Co atoms could still be
present in that case. However, measurements of the
angular distribution of the magnetic dichroism did

not show any effects indicative of segregation of
one of the components [54]. Also forward scatter-
ing of the Fe and Co LVV/Auger electrons from
FeCo/Cu(1 0 0) films indicate a vertically regular
distribution of both species, Fe and Co [55]. We
thus conclude that a homogeneously mixed film of
Fe and Co atoms is formed. This is plausible con-
sidering the similarity of the chemical bonds of
metallic Fe and Co, and also the surface tensions of
bulk Fe and Co, which are equal within 0.5% for
both Fe and Co [56]. The observed two different
vertical atomic interlayer distances are thus an in-
trinsic property of a chemically uniform film. Look-
ing at the I(E) spectra for Fe5oCoso and FegsCoss
in Fig. 3, it is possible to decide which of the two
vertical atomic distances a, is located at the sub-
strate and which on the vacuum side. One clearly
sees that the maxima of the lighter shaded se-
quence, corresponding to the larger a,, dominate
the maxima of the darker shaded sequence in the
low-energy range; in the high-energy range, the
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opposite behavior is observed. Because the mean
free path of the higher energy electrons is larger
than that of the low-energy electrons (about
47 ML at 500 eV compared to 1.7 ML at 50 eV
[57]), the larger a, has to be located at the vacuum
side of the film, whereas the smaller a, is located at
the substrate interface of the film.

Such a vertical stacking of two different inter-
layer distances, or in other words, a vertical expan-
sion of the topmost layers, is rather reasonable. For
example, in Fe films on Cu(1 00) in the thickness
range between 5 and 10 ML, the topmost layer
shows a larger interlayer distance than the lower
lying layers. The expansion or contraction of the
topmost layers is in fact a well-known phenom-
enon. Especially in magnetic materials, where an
additional magnetic energy contribution related to
surface magnetic properties can come into play
[58,59], this may be expected to manifest itself also
in a structural differentiation between surface and
bulk of a magnetic film.

Let us now consider the values of the vertical
interlayer distances of the Fe,Co, _, films in more
detail. The corresponding results are presented in
Fig. 4. In Fig. 4a, the interlayer distances derived
from the I(E)-curves for films of a constant thick-
ness of 5 ML (except for pure Fe, where 4 ML are
used) are presented together with literature values
for Fe,Co;_, bulk materials [60]. It should be
noted that for the clean Cu substrate the kinematic
analysis of the I(E) maxima yields a value of 1.82 A,
which is in good agreement with the results of
dynamical LEED calculations [61], considering
that the value from the kinematic analysis is only
an average over the first few interlayer distances.
Three different literature values for bulk FeCo are
included in Fig. 4a in the respective relevant com-
position ranges. Above = 15% Fe, where a BCC
structure is found for bulk Fe,Co, _ ., we indicated
the interlayer distances of BCC(100) and
BCC(110) oriented planes of the crystal. Below
=~ 15% Fe, where in the bulk an FCC structure is
found, we only included the interlayer distances of
the FCC(100) orientation. The experimental
value for pure Co/Cu(100), and also the smaller
a, value of the Fe,Co,_, films agrees very well
with these numbers. Both interlayer distances
found in the Fe,Co, _, films increase continuously

with increasing Fe content. When extrapolating to
x =1 the larger one comes close to the respective
value of the 4 ML Fe film. However, when the
lower of the two interlayer distances of the
Fe,Co,_, films approaches the value of the Cu
substrate at ~70% Fe, a sudden increase in the
value of a; occurs, and the two interlayer distances
collapse to only one. We attribute this structural
rearrangement to a different response of films un-
der compressive and tensile strain, as will be dis-
cussed in the following section.

In Fig. 4b, the evolution of the interlayer distance
of Feg5Coy 5 films as a function of film thickness is
shown. Also here we observe two different values of
a,, although for this thickness (around only 3 ML)
the smaller one may be feigned by the Cu substrate
contribution. Up to = 4 ML thickness the inter-
layer distances are nearly constant. Above 4 ML
thickness the interlayer distance rapidly increases.
Between 6 and 9 ML the vertical interlayer distance
stays again nearly constant, and is still below the
value found for BCC(110) oriented 12 ML
Fe/Cu(1 0 0) which, as shown in Fig. 4a, agrees very
well with the value from literature for BCC bulk
Fe(1 1 0). Nevertheless, the strong increase in a, of
the Fe,Co,_, films above 4 ML thickness may
serve as an indication for the affinity of the
FegsCoys films towards forming the BCC(1 1 0)
structure.

Finally, let us consider the results of the Kerr
measurements, after briefly recalling the behavior
of the saturation magnetization of the pure con-
stituents Co and Fe as a function of film thickness.
Whereas in Co films the whole film contributes to
the Kerr signal indicating homogeneously magnet-
ized film [13,14,24,40,41,62], the Kerr signal for Fe
does not increase linearly with thickness. Instead,
the Kerr signal drops by ~ 50% above ~ 4 ML
thickness, and stays nearly constant up to
~ 10 ML thickness [11,12,18], where the marten-
sitic transformation from FCC to BCC Fe sets in.
This non-linear dependence of the Kerr signal on
film thickness is connected to a relaxation of the
lower lying layers in films above 4 ML thickness
[33,34,38,437], which results in a film where only the
topmost one or two atomic layers are ferromag-
netically ordered [11,12,18]. Here we present mea-
surements of the saturation Kerr signal of
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Fig. 5. Kerr signal measured in saturation as a function of film
thickness. (a) FesoCos,, longitudinal Kerr signal, (b) FegsCoy s,
longitudinal (open symbols) and polar (filled symbols) Kerr
signal. Because of the reorientation of the easy axis of magneti-
zation at =~ 3.5 ML, the scales for polar and longitudinal Kerr
signals in panel (b) are chosen such that they coincide around
3.5 ML thickness.

Fe.Co,_,/Cu(1 00) as a function of film thickness
in two different composition regions, namely (i)
FesyCosy, where we find smooth, nearly un-
strained films with (1 x 1) LEED patterns, and (ii)
FegsCoys, where several superstructures are ob-
served, and the roughness of the films as well as
their vertical interlayer spacing increases rapidly
above 4 ML thickness. The results are plotted in
Fig. 5a for Fe;qCosy, and Fig. 5b for FegsCoys
films. In FesoCos, we observe a linear increase of
the longitudinal Kerr signal with thickness, which
implies that the whole film equally contributes to
the magnetization. The more interesting case are

the FegsCoys films, displayed in Fig. 5b. At that
composition a spin reorientation transition from
out-of-plane to in-plane with increasing film thick-
ness is observed. This spin reorientation transition
does not only occur as a function of film thickness,
but also as a function of alloy composition, and of
temperature. It has been the topic of a recent publi-
cation [50], so that here we restrict ourselves to
a short summary of the results. Above =~ 75% Fe
content the ecasy direction of magnetization
switches from in-plane at lower Fe concentrations
to out-of-plane at higher Fe concentrations at
film thicknesses between 2 and 3.5 ML. The actual
concentration at which the spin reorientation
transition occurs is a function of film thickness, or
vice versa, in the sense that a larger Fe content
shifts the spin reorientation transition to higher
film thicknesses. In FegsCo5 films (Fig. 5b) the
reorientation of the easy direction of magnetization
at room temperature occurs at ~ 3.5 ML thickness
[50]. Therefore, in Fig. 5b for films below this
thickness the polar Kerr signal is plotted, along
with the longitudinal Kerr signal for films above
this thickness. Since the magnitude of the Kerr
signal in polar and longitudinal geometry differs
strongly [63], the longitudinal and polar Kerr sig-
nals found close to the critical thickness were used
to align the scales of both in order to plot them into
the same graph. Surprisingly, also for FegsCoys
a linear increase of the Kerr signal is found. This
behavior is different from that of pure Fe films on
Cu(100) and reflects the absence of a structural
transformation to an unstrained FCC lattice in
Fe,Co, _, films.

4. Discussion

To facilitate the discussion of the results, we
summarize the experimental findings obtained with
the different techniques in Fig. 6 in the form of
schematic phase diagrams. In panels (a) through (d)
the results from MEED, LEED, LEED-I(E), and
MOKE measurements, respectively, are repro-
duced as a function of both Fe concentration x (ab-
scissa) and film thickness d (ordinate).

The line shown in Fig. 6a approximately separ-
ates regions in concentration-thickness space with
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Fig. 6. Schematic summary of the experimental results in the form of concentration-thickness phase diagrams. (a) Results from MEED
measurements. The line approximately separates regions with high specular MEED intensity, smooth surface, from regions with low
specular MEED intensity, rough surface (cf. Fig. 1). (b) Appearance of LEED superstructures. The labels outside the right-hand side of
the graph correspond to the superstructures found in pure Fe films. (c) Result of a kinematic analysis of LEED-I(E) curves. Different
vertical interlayer distances are reproduced in a grayscale, where brighter shades of gray correspond to larger interlayer distances.
Numbers indicate values in A. (d) Magnetic anisotropy: the line separates regions of perpendicular (L) and in-plane magnetic anisotropy
(|l) at room temperature (cf. Ref. [507]). The shaded region represents the area in which at 120 K in addition films are perpendicularly

magnetized.

high specular MEED intensity, i.e., smooth surface,
from regions with low specular MEED intensity,
i.e. rough surface (cf. Fig. 1). This division is also
supported by the behavior of the diffuse LEED
intensity background. Panel (b) summarizes the
different superstructures observed in the LEED
patterns. The labels outside the right-hand side of
the graph correspond to the superstructures found
in pure Fe films. The results of the simple kinematic
analysis of the LEED-I(E) curves are presented in

Fig. 6¢c. Here the different values of the vertical
interlayer distance are reproduced in a grayscale,
where brighter shades of gray correspond to larger
interlayer distances. Additionally, numerical values
for the average interlayer distance in A are in-
dicated at several points in concentration-thickness
space. Panel (d) indicates regions of perpendicular
and in-plane magnetic anisotropy, as presented in
Ref. [50]. The line in the phase diagram marks the
border between regions in which the easy axis of
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magnetization at room temperature lies in the
plane of the film (|) or is aligned perpendicular to
the plane of the film (L). The shaded region repres-
ents the area in which the easy axis of magneti-
zation depends on temperature: Films within that
area are perpendicularly magnetized at 120 K,
whereas at room temperature they are in-plane.
The spin-reorientation transition as a function of
both film thickness and composition is a result of
the magnetic anisotropy decreasing from pure Fe
films to Fe;qCoso. The vertical line at the right-
hand side of the diagram represents the fact that for
all investigated films of these thicknesses pure
Fe films showed a perpendicular magnetization,
whereas films with the smallest Co content had
their magnetization already in the plane of the film.
For films below =~ 1.5 ML the Curie temperature
is below the cryogenic temperature limit of our
setup (~ 120 K).

When comparing panels (a)-(c) of Fig. 6 it be-
comes obvious that the region in which rough film
surfaces are encountered is the one in which films
have the highest vertical atomic distances. In addi-
tion, all these films show superstructures in the
LEED diffraction pattern. These superstructures
are observed neither in pure Fe films, nor in FeCo
alloy films with lower Fe content. At lower film
thicknesses below =3 ML superstructures similar
to pure Fe films are observed, if the Fe concentra-
tion is higher than =60%. Generally, in FeCo
films the formation of superstructures, i.e. of surface
reconstructions, seems to be correlated to a high
vertical interlayer distance.

Let us therefore now focus on the development of
the vertical interlayer distance a, with Fe concen-
tration x. Pure Co films of 5 ML thickness exhibit
a value of a, of 1.75A, which translates into an
~ 3.8% vertical contraction with respect to the Cu
lattice. This is a consequence of the in-plane tensile
strain introduced by the Cu substrate having a lar-
ger lattice constant than FCC Co. Upon adding
some Fe to have low Fe concentration FeCo alloy
films, this value of the vertical interlayer distance
increases, which means that the strain is partially
relaxed, assuming a cubic unit cell of the FeCo
alloy films. Obviously, the equilibrium FCC lattice
parameter of the FeCo films is getting closer to
the Cu lattice parameter upon incorporation of Fe

atoms. Additionally, some layers at the surface
show the expanded interlayer distance, as discussed
in the previous section, which is already larger than
the Cu lattice parameter (upper bar at 5 ML in
Fig. 6c). Both vertical interlayer distances increase
with increasing Fe concentration x up to about
x = 70%. This reflects the behavior of the lattice
parameter of bulk FeCo, where for both FCC and
BCC structures also an increase of the lattice para-
meter with increasing Fe content is encountered (cf.
Fig. 4a) [60]. At 70% Fe content a, of the lower
layers reaches that of the substrate, which means
that the lateral tensile strain present in pure Co
films has disappeared by alloying more and more
Fe into the films. Judging from the lattice expan-
sion relative to the substrate in the vertical direc-
tion, the in-plane strain in extrapolation would be
converted into a compressive strain beyond
x = 70%. Starting at exactly that concentration
a discontinuous jump of the vertical atomic dis-
tance to 1.93 A occurs for both the upper and lower
layers. This is correlated to the transition to
a rough film surface, as concluded from MEED
specular beam and LEED background intensity
(Fig. 6a), and the appearance of LEED superstruc-
tures (Fig. 6b).

In the following we will propose an explanation
of that behavior. For this we need to assume that
the equilibrium crystalline structure of the FeCo
alloy films on FCC Cu(1 0 0) is also FCC. Then we
are able to distinguish between compressive and
tensile strain by comparing the lateral and vertical
lattice constants in the films. The reaction of the
structure in a thin film to both types of strain can be
very different. In a thin film the strain is introduced
by the lattice mismatch between the film and a sub-
strate. This means that the force acts only in the
plane of the film, whereas in the direction perpen-
dicular to the plane the film just reacts to this
external force in order to minimize the total energy
of the substrate-film system. The difference be-
tween compressive and tensile lateral strain is
based on the different ways the minimum in total
energy can be achieved. A film which is expanded in
the plane, like, e.g., Co/Cu(1 0 0), may reduce the
vertical layer spacing to minimize the total energy.
Any kind of additional corrugation would lead to
a further increase of the atomic distances, and
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hence of the energy. Therefore, for example, Co
films on Cu(1 0 0) stay fixed in their unreconstruc-
ted but tetragonally distorted FCC structure. Fer-
romagnetic FCC Fe, on the other hand, with an
extrapolated room temperature lattice constant of
3.65 A [64], is already slightly compressed in the
film plane when grown epitaxially on Cu(1 0 0).
Such laterally compressed films, in contrast to
laterally expanded films, have the opportunity to
decrease the overall energy further by building up
a vertical corrugation in addition to a vertical ex-
pansion. A corrugation is achieved by displacing
some atoms out of their atomic planes, which re-
sults in an increased spacing between these atoms
and the adjacent atomic planes. As a result, the
mean interatomic distance increases. Such an inter-
pretation would be consistent with the structure
of FM FCC Fe/Cu(100) films, which show a
complicated superstructural corrugation as re-
vealed by Miiller et al. [34]. In contrast, no
superstructures were observed in FM FCC Fe films
on CuzAu(100) [7]. This absence of superstruc-
tures on the CujAu substrate, which has a 3.9%
larger lattice constant than Cu leading to laterally
expanded Fe films, is also explained within that
argumentation.

As long as we have tensile strain, we would
therefore not expect strong changes in the geomet-
ric structure of the films, except for a reduction of
the tetragonal distortion with decreasing strain.
But switching from tensile to compressive strain,
when the equilibrium lattice constant of the film
exceeds the lattice parameter of the substrate, some
corrugation can be expected. In FeCo/Cu(1 0 0)
this happens around x = 70%, and indeed the on-
set of the appearance of superstructures is ob-
served. The relation between the lattice parameter
of the FeCo films and the Cu substrate may thus
account for the division of the phase diagram
(Fig. 6a) into the two morphological regions: Re-
gion I with x < 70%, which is governed by tensile
lateral strain, resulting in smooth films, and region
II with x > 70%, which is governed by compressive
lateral strain, resulting in a corrugated film. It is the
continuous variation of the lattice parameter
through the continuous variation of the alloy com-
position, that in the system Fe, Co;_,/Cu(100)
allows one to observe such general trends in the

interrelation between structural and morphological
properties in epitaxial growth. As long as the epi-
taxial relation of FeCo to the Cu substrate is such
that the films are under tensile strain, the growth
mode is layer-by-layer, and the films exhibit
smooth surfaces. As soon as the strain becomes
compressive, the layer-by-layer growth is restricted
to the first three monolayers, and superstructures
occur; exceeding that thickness, films develop
a high surface roughness. It should be also empha-
sized that in the intermediate strain region
(50% < x < 70%) the films reveal a partial relax-
ation at the vacuum interface. Layers with different
vertical strain exist thus within the same ferromag-
netic film, in the same way as it happens for the
room-temperature grown Fe/Cu(00 1) between
4 and 10 ML thickness [33,34].

The magnetic behavior of the FeCo/Cu(1 0 0)
films (cf. Fig. 6) differs strongly from that of room-
temperature grown FCC Fe films on Cu(10 0).
In the latter a thickness region (5-11 ML) with a
small and constant magnetic saturation is found
[11,12,18]. This is correlated to a structure with
a vertically expanded top layer on relaxed under-
layers. The latter are assumed to be antiferromag-
netically ordered, with a Néel temperature of 70 K
[42] thus giving rise to the observed low overall
ferromagnetic moment of the films, which is carried
by the expanded top layers. The correlation be-
tween structure, or more specifically the atomic
volume, and the presence of different magnetic
phases is held responsible for that behavior [65,66].
On the contrary, in the Fe,Co, _, films we did not
observe any indication for an other than linear
dependence of the MOKE saturation signal with
film thickness.

The interesting question is now why a compara-
ble phase with concurrent ferromagnetic and anti-
ferromagnetic’ regions is absent in Fe,Co,_,/
Cu(100) for x < 100%. To address that point, we
will compare three thin film systems on Cu(1 0 0):
pure Fe films grown at LT, pure Fe films grown

!'We refer to the state as antiferromagnetic for reasons of
clarity, although it appeared nonmagnetic in our experiments
due to the low-temperature limitation of our set-up.
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at RT, and Fe,Co;_, films with 70% <
x < 100%, also grown at RT.

Up to about 4 ML thickness the structure of all
of the three considered films is very similar, charac-
terized by an expanded vertical interlayer distance
in all layers, and the typical superstructures
[18,31,32,34]. When exceeding 4 ML, this ex-
panded FCC structure becomes unstable, and
a structural transformation, which is different for
the three cases, occurs. Whereas the RT grown
FCC Fe films show the relaxed antiferromagnetic
FCC structure with an expanded ferromagnetic top
layer, the LT grown Fe films undergo a transforma-
tion to a BCC(110) structure with pronounced
diffraction spots between 3.2 and 5.8 ML [5]. The
Fe.Co, _, films show a further vertical expansion,
but not yet a transformation to the BCC(110)
structure. One of the possible reasons for the differ-
ent behavior may be the morphology of the films.
As was shown by STM, the RT grown Fe films
consist of quite large islands with a diameter in
the order of 20 nm, as compared to around 2 nm in
the case of LT grown Fe films [36]. During the
transition from the expanded FCC structure to the
BCC(110) structure the films have to overcome
a potential barrier in order to be able to restructure,
which includes a further increase of the vertical
interlayer spacing. This barrier is lower for films
consisting of small islands, because lateral relax-
ations at the island borders provide an effective
strain relief mechanism. This lets one conclude that
the large FCC islands of RT grown Fe have
a stabilizing effect, making it energetically more
favorable to assume the relaxed FCC structure with
an expanded overlayer than to directly transform
into the BCC(1 1 0) structure, like the LT grown Fe
films do. It has been discussed that also the so-
called BCC-precipitates may play some role in the
stabilization of the FCC phase of RT grown Fe
[36]. These BCC-precipitates are small regions the
structure of which differs from the surrounding
FCC areas, and which have already been found at
thicknesses lower than 5 ML [10,36]. Because of
their different crystalline structure they might act as
dislocations, facilitating the strain relief and thus
lowering the energy of the FCC structure. Never-
theless, also the RT grown Fe films transform to the
BCC(1 1 0) structure after exceeding a thickness of

~ 10 ML. The number of the BCC-precipitates
increases with the thickness of the films, the
regions between them still keeping the FCC struc-
ture, but the size of the connected FCC regions
becoming smaller in lateral direction [10,36].
At a thickness of ~ 10 ML a sudden transforma-
tion of the remaining FCC areas to the BCC(1 1 0)
structure occurs. This is probably related to
the point where the connected FCC areas, separ-
ated by BCC precipitates, are becoming too small
to resist the transformation to the BCC(1 1 0) struc-
ture. This model implies that one of the necessary
conditions for the existence of the FCC structure
with concurrent ferromagnetic and antiferro-
magnetic regions is that continuous regions of the
FCC structure, exceeding a certain critical size,
exist.

No direct information concerning the size of the
islands of Fe,Co;_, films is available at present.
But from the MEED intensity oscillations of RT
grown Fe films and RT grown Fe,Co, _, films, as
well as from the background intensity of the LEED
patterns, which both are practically identical up to
a thickness of 3 ML, we can conclude that the
island size of the Fe,Co;_, films must be very
similar to that of RT grown Fe films. Nevertheless,
the Fe,Co; _, films do not transform to a structure
with relaxed FCC underlayers and an expanded
overlayer. This lack of a structural rearrangement
has to be a consequence of the presence of Co
atoms in the films. Possible reasons can be: first, the
different ‘size’ of the Co atoms, and second, their
magnetic moment, which is lower than that of fer-
romagnetic FCC Fe [66]. The ‘size’ of the Co
atoms may prevent large FCC Fe islands already at
the initial stages of growth. For an FeqyCoy( film
the average distance of Co atoms dispersed in the
Fe matrix will be around 15-20 A. One can imagine
that around each Co atom there is a local strain
field which blocks a structural rearrangement. The
difference in ‘size’ between Fe and Co atoms, how-
ever, is not very large. Therefore, we have to con-
sider also the second possibility, the magnetic
moment of the Co atoms. As measurements of the
magnetic circular dichroism have shown [67-71],
for Fe,Co, _, films the magnetic moment of the Co
atoms aligns ferromagnetically with the magnetic
moment of the Fe atoms. When transforming to the
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relaxed FCC structure, the underlayers in RT
grown Fe films lose their ferromagnetic properties
by assuming the lower atomic volume antifer-
romagnetic state. The presence of randomly distrib-
uted Co moments in the matrix of FCC Fe could
prevent this transition due to magneto-volume ef-
fects. Further insight into the microscopic mecha-
nism of the structural stabilization requires the
following question to be answered: how much Co is
needed to achieve a stabilization of the ferromag-
netic state? This clearly demands investigations on
films in the dilute alloy limit which are not avail-
able at present.

Despite of the above mentioned the Fe,Co; _,
films do not reach the BCC structure. Whereas the
RT and LT Fe films transform to BCC in a small
thickness range of about 1.5 ML, the structure of
9 ML thick Fe,Co,_, films is still relatively far
away from BCC(1 1 0), although the vertical inter-
layer distance already starts to increase above
4 ML thickness. This obviously means that intro-
ducing Co atoms into the pure Fe films not only
prevents the transformation to the relaxed FCC
structure, but also hinders the transformation to
the BCC structure, keeping the film in a strongly
distorted FCC arrangement.

Finally, we turn to the spin reorientation
transition. In contrast to the distinct mutual inter-
actions between structure and magnetism found for
other magnetic properties, the spin reorientation
transition seems not to be connected to any struc-
tural properties. In fact, from comparison of Fig. 6d
with Figs. 6a-c no obvious correlation of the spin
reorientation transition from perpendicular to in-
plane magnetic easy axis with a transition in struc-
tural or morphological properties can be seen. Both
the vertical lattice parameter and the LEED super-
structure do not change at the line which separates
in-plane and out-of-plane magnetization. This
means the reorientation transition is neither caused
by a structural change, nor does it cause a change
in the structural parameters. We thus attribute this
spin reorientation transition as being solely due to
changes in the electronic properties. The tiny differ-
ences in the average d-band occupation number
according to the alloy composition cause a change
in the magnetic anisotropy energy and thereby
a spin reorientation transition [50].

5. Summary

Summarizing we have shown by the example of
Fe.Co, _, films on Cu(1 0 0) that the morphology,
the structure, and the magnetism of heteroepitaxial
ferromagnetic films are closely linked. Over the
whole thickness range investigated the Fe,Co, _,
films grow in an FCC-like structure. The morpho-
logy, the superstructures, and the vertical interlayer
distance of the films depend on their composition
and thickness. Films with less than 60-70% Fe
grow in a layer-by-layer mode as smooth films, and
show a (1 x 1) LEED pattern. Films of 5 ML thick-
ness in this concentration range (except pure Co
films) show two different vertical interlayer distan-
ces. Both depend on the film composition, and
increase towards higher Fe concentrations. The
larger vertical interlayer distance can be related to
the vacuum side of the film. Segregation of one of
the constituents either laterally or vertically could
be excluded. Films with more than 60-70% Fe
show several different LEED superstructures de-
pending on the thickness. For Fe,Co, _, films with
70% < x < 100% below =~3.5 ML thickness the
superstructures as well as the morphology and the
interlayer distances are virtually the same as for
pure Fe films, the latter being expanded relative to
the Cu substrate. Above this thickness the
Fe,Co,_, films with 70% < x < 100% become
rough, the interlayer distance further increases, and
the observed LEED superstructure differs from
that of pure Fe films, still being significantly differ-
ent from that of the BCC(1 1 0) structure observed
for pure Fe films above ~10 ML thickness. The
relaxation from a fully expanded FCC structure
below 4 ML to a relaxed FCC underlayer with
expanded overlayer between 4 and 10 ML observed
in pure Fe films is not observed in Fe,Co; _,. The
dependence of the film properties on the composi-
tion can be linked to the strain provided by the
substrate. Below 60-70% Fe the expansion of the
FCC structure in the plane of the film stabilizes this
structure resulting in smooth films with (1x1)
LEED pattern. Above this Fe concentration the
films become compressed in the plane of the film.
This energetically favors corrugated films, unstable
with respect to structural transitions. We believe
that in Fe,Co; _, films with 70% < x < 100% the
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absence of the relaxed FCC phase, as it is observed
in pure Fe films grown at RT, is caused by the Co
atoms acting as defects in the FCC structure in
a geometrical, but more important in a magnetic
sense, concerning the presence of Co atoms in an
antiferromagnetically ordered relaxed underlayer.
This missing structural relaxation above 4 ML
thickness results in a linear increase of the Kerr
signal with thickness for these films, as also ob-
served for the Fe,Co, _, films below 60-70% Fe, as
well as for pure Co films.
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