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The development of devices based on magnetic tunnel junctions has raised new interests on the structural

and magnetic properties of the interface Co/MgO. In this context, we have grown ultrathin Co films

(r30 Å) by molecular-beam epitaxy on MgO(0 0 1) substrates kept at different temperatures (TS). Their

structural and magnetic properties were correlated and discussed in the context of distinct magnetic

anisotropies for Co phases reported in the literature. The sample characterization has been done by

reflection high energy electron diffraction, magneto-optical Kerr effect and ferromagnetic resonance. The

main focus of the work is on a sample deposited at TS¼25 1C, as its particular way of growth has enabled a

bct Co structure to settle on the substrate, where it is not normally obtained without specific seed layers.

This sample presented the best crystallinity, softer magnetic properties and a four-fold in-plane magnetic

anisotropy with Co/1 1 0S easy directions. Concerning the samples prepared at TS¼200 and 5001 C, they

show fcc and polycrystalline structures, respectively and more intricate magnetic anisotropy patterns.

& 2010 Elsevier B.V. Open access under the Elsevier OA license.
1. Introduction

Different materials employing metastable cubic phases of cobalt
have acquired great relevance for several applied and basic
researches along the last decades [1–5]. Cu, ZnSe and GaAs are
often used as substrates to grow the Co cubic phases, fcc in the case
of Cu [6–9] and bcc in the other two cases [10–13]. Actually
epitaxial thin films of such materials are not exactly cubic but
tetragonal distorted structures (fct or bct), although the main
magnetic aspects can be well described by models assuming cubic
structures. In bulk fcc and in films with fct structure similar to the
bulk, the easy directions for the magnetization are [1 1 1] and
[1 1 0], respectively, [7,14], while in systems with bcc or bct
structure distinct directions can be found [12,13].

MgO, an insulating, stable and non-interactive material, is
largely employed for the growth of magnetic thin films and became
very important due to the close lattice match with Fe (451 oriented)
and with GaAs [15,16], since Fe films and GaAs have already a wide
variety of applications, mainly in the magnetic and microelectronic
technologies.

The deposition of Co films on MgO single crystals by sputtering and
molecular-beam epitaxy systems was already significantly explored
seeking different properties [14,17–23], and a large amount of distinct
structures has been obtained, including both cubic/tetragonal
[14,18,19] and hexagonal [17,18,21] unit cells. The large misfit
between MgO and cubic Co lattices (�16%) is not favorable for the
res).

sevier OA license.
epitaxial growth of Co on MgO. There are some reports on the
pseudomorphic growth of fcc Co on MgO(1 1 0) [20,24] and on
MgO(0 0 1) [14,19,23,24], but in most of the cases [14,19,20,24] a
textured film was obtained with a significant in-plane uniaxial
magnetic anisotropy. Even in the best samples studied in those works
[14] the crystal quality of the fcc Co is argued to be poor when
compared with Fe–Co alloys deposited under the same conditions.
The formation of 901 twinned hcp domains in the Co films deposited
on MgO(0 0 1) has also been reported [18,24], and in this case a quite
regular four-fold in-plane magnetic anisotropy was observed by
Goryunov et al. [18]. Nevertheless the Co/MgO interface has recently
acquired new interests as a giant tunneling magnetoresistance was
observed in Co/MgO/Fe and in Co/MgO/Co junctions with bcc Co [3,4],
confirming theoretical predictions [2,5]. The discussion about a
possible enhancement of the magnetization of Co at interfaces has
deserved also new studies [17,25]. For these reasons the growth and
the detailed characterization of epitaxial Co/MgO structures are
currently important under several aspects.

In this context, we have prepared ultrathin (r30 Å) Co films on
MgO(0 0 1) single crystals with magnetic properties as soft as fcc Co
epitaxially grown on the Cu(0 0 1) single crystals. The structure of
the samples was analyzed by reflection high energy electron
diffraction (RHEED) during the deposition, and the magnetic
behavior has been analyzed by magneto-optical Kerr effect (MOKE)
and ferromagnetic resonance (FMR). FMR results showed a clear
four-fold in-plane magnetic anisotropy for a sample deposited at
25 1C, which is compatible with an in-plane squared structure of
the Co. The easy axes deduced from this result are parallel to the
Co/1 1 0S directions. The establishment of these easy axes is
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related to the huge strain present in the film deposited at 25 1C,
which probably leads its structure beyond the Bain transition from
fcc to bcc lattices.
2. Experimental

The samples were prepared in a VG ultrahigh vacuum chamber
equipped with RHEED and low energy electron diffraction (LEED)
optics, a CLAM 2 analyzer for X-ray photoelectron spectroscopy
(XPS), and Oxford Applied Research e-beam evaporators. The base
pressure was 1.4�10�10 mbar. High purity Co (99.995%, Alfa
Aesar) was evaporated on MgO(0 0 1) substrates using an e-beam
evaporator. The MgO single crystals surface was previously cleaned
in UHV by annealing at temperatures between 500 and 700 1C for
2 h, and the surface structure was checked by LEED and XPS. The
typical evaporation rates were between 1 and 2 Å/min, as mea-
sured by a quartz microbalance. The pressure during the evapora-
tion stayed below 3.0�10�9 mbar. Samples labeled F1, F2 and F3,
with a nominal thickness of 30 Å, were deposited on the MgO
substrate kept at TS¼25, 200 and 500 1C, respectively.

Besides RHEED and XPS, setups for FMR (Varian E-12; 9.5–9.7 GHz)
and longitudinal MOKE measurements were employed for the sample
characterization.
3. Results

3.1. Structural properties

Fig. 1 (top) shows the typical [24,26] RHEED pattern obtained
for the MgO(0 0 1) substrate immediately before the deposition of
Fig. 1. Top: typical RHEED patterns of the MgO substrates for the [1 0 0] azimuth;

middle: RHEED profiles obtained before and after the deposition of 30 Å Co at

TS¼25 1C (sample F1); bottom: RHEED profile map along the deposition of the Co

film F1. The initial part of the map corresponds to the clean substrate.
the Co films. The well defined pattern and the Kikuchi lines show a
smooth and clean surface.

RHEED streaks were clearly observed during the whole deposi-
tion of all samples. Fig. 1 also presents RHEED profiles and a map of
the deposition of sample F1. For TS¼25 1C (film F1), only slight
alterations in the pattern occur during the process, but no addi-
tional diffraction spots or streaks appear, and the streaks do not
become discrete. At the final of the deposition, the distance
between the streaks remains approximately the same as that of
the substrate. All these facts indicate that the initial structure of the
film is maintained and follows closely one of the fcc substrate [27].

The influence of carbon adsorbed at the surfaces of MgO crystals
on the growth process of Fe and Co films has been recently
investigated by Sicot et al. [25]. They show a c(2x2) surface
reconstruction for thin Fe layer and alterations in the surface
reactivity associated to the C contamination. For our samples, we
cannot rule out such an influence, as small amounts of C has been
detected by the XPS analysis. However, no reconstruction has been
observed with both the electron diffraction techniques (RHEED and
LEED) for any of the MgO substrates and during the Co deposition.
The signal of C was always very small for a reliable quantification,
and at the end of the Co deposition no contaminant has been
detected in any of the samples.

Fig. 2 shows the evolution of the lateral lattice parameter along
the growth of the films, as determined from the distance between
the RHEED streaks. For sample F2 there is a decrease of about 14% in
the parameter and this value is reached around the thickness of 5 Å.
For sample F3 the broadening of the diffraction patterns does not
permit a satisfactory determination of the parameter through the
whole process. The lattice parameter for bulk fcc a-Co (3.54 Å) is
about 16% smaller than that of MgO (4.21 Å), then it can be said that
the RHEED results for samples F2 are compatible with films with
lateral lattice parameter of the same order of bulk fcc Co, distinctly
to what is observed for sample F1, which roughly presents the same
parameter along the whole deposition. In fact, considering the
conservation of the typical unit-cell volume of fcc Co and the MgO
parameter for the in-plane lattice distances, F1 has a c/a ratio of
about 0.64, which is beyond the Bain transformation from fcc to bcc
structures [28,29]. The bct cell formed in this way has a c’/a’ ratio of
1.05 with lattice parameters around 3 Å, only about 6% larger than
the one obtained by Prinz for bcc Co on GaAs [12].

Typical RHEED images for the samples and the substrates are
presented in Fig. 3. It can be observed that the crystal quality of the
films decreases with the increase in growth temperature. The
Fig. 2. Evolution of the lateral lattice parameter of the Co films, as determined from

the RHEED measurements. F1 presents practically the same initial and final values.

The horizontal line highlights the final value for this parameter in sample F2.



Fig. 3. RHEED patterns at the MgO[1 0 0] azimuth (left); longitudinal MOKE hysteresis loops (center); FMR spectra (right) for the Co ultrathin films prepared at different

temperatures (TS).
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results for sample F3 points to a polycrystalline structure [15],
while for samples F1 and F2 it can be said that the films present
large atomically flat terraces. Concerning the intensity of the
streaks, it decreases almost monotonically along the deposition
of films F1 and F2 (more rapidly in the first 4 Å of equivalent
thickness). This behavior is compatible with the Volmer–Weber
mode of growth. For the film F3, the poor quality of the patterns
does not allow such an analysis.
Fig. 4. MOKE coercivity as a function of the angle in the (0 0 1) plane for samples

F1 and F2.
3.2. Magnetic properties

MOKE hysteresis loops obtained at room temperature are
presented in Fig. 3. Samples F1 and F2 are expressively soft
magnetic films, as the coercivities of the order of 50 Oe indicate.
Similar results were already reported for fcc Co(0 0 1) epitaxially
grown on fcc Cu(0 0 1) single crystals [6–9,30], which have a lattice
parameter of 3.62 Å, a value very close to that of bulk fcc Co (a misfit
o2% compared with 16% between MgO and fcc Co). For Co films on
MgO, the results available present coercivities between 100 and
400 Oe [20,21,24,26]. The soft magnetic properties of our samples
are confirmed by in-plane FMR spectra obtained also at room
temperature (Fig. 3), which present rather small linewidths for
samples F1 and F2. These linewidths are of the same order as that of
measured in fcc Co(0 0 1) films grown on the Cu(0 0 1) single
crystals [31,32] and, again, expressively smaller than the values
already found for Co films deposited on the MgO(0 0 1) [18,23]. The
reduced FMR linewidth is directly related to the crystalline quality
of the samples [7,31].

Clear MOKE signals (not shown) have been detected at room
temperature in a wedged sample prepared under the same con-
ditions of sample F1 from the nominal thickness of 4–30 Å Co. This
result is compatible with what is obtained for Co on Cu(0 0 1),
where for films with thicknesses around and above 1.7 Å, the Curie
temperature is already above 300 K [6–8].
In-plane angular dependent longitudinal MOKE was measured for
all samples. For samples F1 and F2 the easy directions correspond to
the MgO/1 0 0S and /1 1 0S directions, respectively (Fig. 4). How-
ever, sample F1 is the only one presenting a clear and regular symmetry
pattern, a four-fold pattern. This pattern is slightly perturbed by a small
uniaxial contribution along the MgO[1 1 0] direction. A tendency for a
uniaxial magnetic anisotropy could be noted in the results for samples
F2 and F3, although in F2 a four-fold anisotropy is also present. For
these two samples the different anisotropy contributions could not be
clearly unscrambled. In some field orientations the quality of the MOKE
signal is poor, which makes the identification of the easy axes
questionable. Both uniaxial contribution and surface effects affect
the MOKE results.
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The four-fold magnetic anisotropy of sample F1 is a strong
indication of a squared in-plane crystalline structure, which can be
reflecting a cubic or tetragonal unit cell. To check this magnetic
behavior, angle dependent FMR measurements were conducted for
this sample. The in-plane angular variation of the external mag-
netic field for resonance (Hres) is shown in Fig. 5. A rather regular
four-fold pattern is clearly seen, confirming the MOKE results. The
small influence of the uniaxial contribution can be noted in the
different values of Hres at the minima at 01 and 1801 when
compared with the values at 901 and 2701.

The Hres curve of Fig. 5 has been fitted employing the usual
model [7,31]. The magnetocrystalline, Zeeman, and the shape
energy contributions were used in the free energy density expres-
sion. Following the notation from Farle [31], the magnetocrystal-
line contribution has been set as

FMC ¼�
1

2
K4:

1

4
3þcosð4jÞ
� �

sin4
ðyÞ�

1

2
K4? cos4ðyÞ

where K4: and K4? are the fourth-order terms of the magnetic
anisotropies parallel and perpendicular to the film plane, and y and
j the polar and azimuthal coordinates of the magnetization,
respectively. j is measured from the MgO[1 0 0] direction for
experimental convenience. In this framework, the Hres curve can be
fitted letting the g factor, 2K4:/MS, and 4pMeff¼4pMS�2K2/MS as
free parameters. K2 and MS are the second-order terms of the
perpendicular anisotropy and the saturation magnetization,
respectively. The surface contributions to the out-of-plane aniso-
tropy are imbedded in K2.

This approach leads to the following results: g¼2.1670.01,
2K4:/MS¼16979 Oeand 4pMeff¼14.470.2 kG. Considering the mag-
netization of saturation as �1400 emu/cm3, value normally found in
Co, this value of 2K4:/MS corresponds to K4:¼1.2�105 erg/cm3, and
4pMeff¼14.470.2 kG corresponds to K2¼�2.2�106 erg/cm3. These
results could be used in the resonance condition at the perpendicular
configuration for the determination of the term K4?, but our maximum
field available was 20 kOe and it was not possible to detect the
resonance line in a range of 41 around the perpendicular configuration.
Considering the results for the remaining angular range, K4? can be
estimated as �1.7�106 erg/cm3, although the lack of measurements
at the perpendicular configuration makes this result a poor estimate.
However, since the Co lattice in this sample is laterally expanded, a
drastic compression is expected in the perpendicular direction, hence
distinct K4: and K4? are also expected.
Fig. 5. (0 0 1) in-plane angular variation of the external field for resonance and the

corresponding best fit for sample F1.
4. Discussion and conclusions

In the available reports of molecular-beam epitaxy growth of fcc
Co films on MgO with lattice parameter close to that of bulk fcc Co
[20,22,24], the samples were prepared with the substrate held at
temperatures between 300 and 350 1C. Our results for sample F2
agree with these findings. The other two growth temperatures we
have tested led to other two distinct regimes of growth, since the
substrates have been adequately prepared. At 25 1C an epitaxial
match occurs, at least for ultrathin films, leading to a film with high
crystalline quality. At 500 1C this epitaxial growth does not occur,
resulting in a polycrystalline film. There are other works [14,23] on
the growth of fcc Co films on MgO with lattice parameter close to
that of bulk fcc Co, but those films are far thicker than the ones
presented here, and even thicker than the effective bulk limit ([33]
and references therein). In these cases, deposition temperatures
above 200 1C seem to result in similar growths.

The value obtained for the g factor in sample F1 is in the range
normally found in cubic Co for different systems [7,31,32]. Regard-
ing the value of K2, the negative signal agree with the fact that the
easy direction is in the film plane. Furthermore its magnitude is one
order of magnitude smaller than that found in fcc Co (10 ML)/
Cu(0 0 1) [7], which means, it can be easier for surface effects to
overcome the natural tendency for an in-plane easy axis of
magnetization in the case of epitaxial Co/MgO than in Co/Cu.

The rather regular magnetic anisotropy pattern we observed for
sample F1 is directly related to the best crystalline quality of this
sample, permitting the determination of the in-plane fourth-order
magnetocrystalline field. The value found for this parameter is of
the same magnitude of what is found in bulk fcc Co and in Co films,
where the lattice parameter is similar to the bulk value [7,31], but
the signal is the opposite. Considering that the film has a bct
structure resulting from the Bain transition, the Co[1 0 0] is
collinear with the MgO[1 1 0] direction, and therefore the opposite
signal for K4: corresponds to Co/1 1 0S easy axes (in-plane).

Burkert et al. [29] published first principles calculation of the
magnetic anisotropy of Co along the Bain path, but only for the
second-order out-of-plane anisotropy constant. They found large
positive values for this constant in the region, which corresponds to
the c/a of sample F1. We found small negative values for K4?, but the
comparison with their calculation cannot be done directly as our
value is a poor estimate, as mentioned in the previous section, and
because the contributions to K2 cannot be disentangled in this
approach.

The signal of K4: in bcc Co films is a controversial subject
involving the interplay between the magnetocrystalline and the
surface/interface contributions for the anisotropy and the mixture
of crystalline phases [13,34]. Nevertheless, in sample F1 we can say
that the four-fold contribution attributed to the magnetocrystal-
line anisotropy is clearly dominant over the uniaxial one, and the
whole set of results indicate a bct film with in-plane /1 1 0S
easy axes.
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