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Abstract. Epitaxial Co/Mn multilayers (0.75 to 6 nm Co, 0.4 nm Mn layer thickness) have been grown
on mica substrates covered by a (0002) Ru buffer layer. The structural properties of these layers have
been studied using X-ray diffraction, nuclear magnetic resonance (NMR), and high resolution transmission
electron microscopy (HRTEM). The Co layers, grown as face centred cubic (fcc), were found to be stabilised
by the very thin Mn layers. Data obtained using X-ray diffraction and NMR were analysed and found to
be in good agreement, while Monte-Carlo simulations were used to interpret the data and calculate the
expected diffracted intensity and NMR spectra. The HRTEM data show that the Mn layers give rise to a
large strain contrast extending, in the growth direction, over a distance which exceeds the thickness of the
Mn layers. The superlattices could be described as having an fcc structure containing randomly located
stacking faults with varying densities. The results verify the presence of a dominant, almost perfect phase of
fcc stacking, and of a faulted hcp phase, while the number of defects increases with the Co layer thickness.

PACS. 61.10.-i X-ray diffraction and scattering – 61.16.-d Electron, ion, and scanning probe microscopy
– 61.50.-f Crystalline state – 64.60.My Metastable phases

1 Introduction

During the last ten years, a great interest has been given
by the scientific community to metallic multilayers as pos-
sible media for high density magnetic recording and mag-
netic sensors. Generally, they result from the stacking of
two different types of layers: a layer of ferromagnetic ma-
terial, such as cobalt, and a layer of either a non-magnetic
or an antiferromagnetic material. The interesting physical
properties are the result of the coupling between the mag-
netic layers through the spacer layers [1–8]. The structural
properties of these systems are important because they de-
termine the magnetic properties. The characteristics of the
superlattice, such as the period, the number and thickness
of the layers, are important in order to understand and
predict the magnetic behaviour of these systems. The crys-
tal structure within the magnetic layers, their correlation
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length and their thickness govern the magnetic anisotropy
that gives rise to a perpendicular magnetisation, necessary
for a high density recording medium. Moreover, the inter-
face morphology, roughness and interdiffusion influences
greatly the coupling between the magnetic layers and thus
the magnetoresistance [9–12].

The Co/Mn superlattice is a good example of a multi-
layer system with a ferromagnetic and an antiferromag-
netic element having large magnetic moments. Indeed,
manganese is antiferromagnetic in some crystallographic
phases (compressed γ phase). Additionally, for thin Mn
layers, evidence of an antiferromagnetic coupling [13–15]
was found, in contrast to more complicated coupling ob-
served in other conditions [16–18]. In our previous studies
of this system [19,20], we examined a series of samples (Se-
ries I hereafter) having a constant Co thickness (nominally
3 nm) and a varying Mn thickness (nominally between 0.4
and 3 nm).

The Series I samples were grown on a mica substrate
on which a Ru buffer layer was deposited. We have shown
[19–21] that this buffer layer grows with an hcp struc-
ture having the c-axis parallel to the growth direction,
and the cobalt and manganese layers grow epitaxially on
this buffer layer. Reflection High Energy Electron Diffrac-
tion (RHEED) observations during the growth, X-ray
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diffraction and Ferromagnetic Resonance (FMR) studies
on the grown samples have shown that the structure of
both Co and Mn layers changes at a Mn nominal thick-
ness of 1.6 nm [19]. For thinner Mn layers, both Co and
Mn adopt an fcc metastable structure (bulk Co is fcc at
T > 693 K and bulk Mn is fcc at T > 1373 K) with the
Co layers having few stacking faults [21]. The growth axis
is then a [111] axis of the fcc structure, the in-plane [11̄0]
and [1̄1̄2] directions are respectively parallel to the [112̄0]
and [101̄0] directions of the hcp Ru buffer.

For thicker Mn layers, additional streaks appear in the
RHEED patterns corresponding to a three times larger
period in the [101̄0] hcp direction. The intensity varia-
tions along the streaks, due to a non planar growth, have
been described as a 3D diffraction [19] corresponding to
the MgCu2-type Laves phase structure, very close to the
bulk α-Mn phase, and stable at room temperature. In fact,
when the growth of these samples is completed (i.e. when
the Mn is covered by Co), the structure of the Mn layers is
different [20]: X-ray diffraction and transmission electron
microscopy have shown that thick Mn layers consist of
small, misoriented, and deformed fcc and α-phase grains.
At the same time, the cobalt recovers [21] its bulk, stable
hcp phase, with its axes parallel to those of the ruthenium,
but with a large number of stacking faults, as observed us-
ing asymmetric X-ray diffraction.

The current study focuses on the stabilisation of the
fcc Co phase by a very thin Mn layer. For this purpose, an-
other set of samples (Series II) having constant Mn thick-
ness (0.4 nm nominal) and a varying Co thickness was
prepared. The Co layers had a thickness of 0.75, 1.2, 1.5,
3.0, 4.5, and 6.0 nm (labelled sample 1 to sample 6), while
the number of bilayers was chosen appropriately in order
to maintain a total superlattice thickness of about 75 nm.
An additional sample, having 30 bilayers, was grown for
the studies at the LURE synchrotron. The nominal layer
thickness for this sample were 0.6 nm and 2.0 nm for Mn
and Co, respectively.

The epitaxial growth of the Series II samples, fol-
lowing the same procedure as for the Series I sam-
ples, has been performed under UHV (base pressure of
∼ 5× 10−11 torr, growth pressure ∼ 5× 10−10 torr). The
samples were grown on single-crystal muscovite mica sub-
strates after an initial deposition, at 850 K, of a 15 nm
Ru buffer layer to further improve the crystalline quality.
A seed layer of Mn, having a thickness of 0.6 nm, was
necessary for the good epitaxial growth of Co, as Co does
not wet Ru as well as Mn [22,23]. The layer thickness
was monitored by a quartz micro balance and the growth
was performed at 260 K, i.e. the chamber temperature
maintained by the cryogenic shields. At higher tempera-
tures, the manganese diffuses rapidly into the cobalt or
the ruthenium layers. The multilayers were covered by a
5 nm capping Ru layer to prevent any oxidisation.

The samples were studied using different, comple-
mentary techniques: X-ray diffraction, in symmetric and
asymmetric geometries (as presented in Sect. 2) us-
ing both in-house and synchrotron facilities, Nuclear
Magnetic Resonance (Sect. 3), as well as Transmission

Electron Microscopy (Sect. 4). Each section consists of a
short description of the employed method and equipment,
a reference to the acquired data and a preliminary, yet
complete, analysis of these data. The last part (Sect. 5) is
dedicated to the detailed discussion of the results.

In the following sections, the thickness is given as the
nominal thickness, unless otherwise specified.

2 X-ray diffraction

2.1 Experimental details

Two diffractometers were used in the laboratory: a Philips
HRD three circle diffractometer for high resolution diffrac-
tion, and a Siemens D500 two axes diffractometer, when
the need for high intensity was essential.

For the D500, a bent monochromator on a Co tube
(λ = 0.1789 nm) provides a relatively intense beam, but
the divergence of the beam is significant and only two axes
are computer controlled. The orientation of the crystal on
the sample holder can only be done by hand and is limited
to a rotation of the sample in its plane.

For the HRD, the Cu Kα1 beam (λ = 0.154059 nm)
is filtered by a Bartels 4-crystal monochromator which re-
sults [24] in a very small divergence (12 seconds of arc).
The sample can be moved with 3 translational and 3 rota-
tional degrees of freedom, allowing to select with precision
the diffraction point in the reciprocal space.

The geometry of the DCI-D23 diffractometer at LURE
is very similar to the HRD one, but the strong beam in-
tensity and the ability to select the wavelength permit
the use of contrast enhancing anomalous dispersion that
is very useful in case of neighbouring elements such as Co
and Mn.

The shape of the spectra peaks can be attributed to
several origins. On the one hand, the mosaic distribution
in the sample, which already exists in the buffer layer, re-
sults in a broadening of the peaks that appears as arcs
at constant diffraction vector Q. On the other hand, the
width of the peak is linked to the finite correlation length,
due to the numerous defects generated during the growth,
and the strain in the layers. The broadening is different
in the growth direction (QZ direction) as compared to
the growth plane (QX direction) since, due to the inter-
faces, the correlation length may be strongly limited in
the growth direction.

The effect of stacking faults on the X-ray diffraction
patterns has been analysed in detail [25]. In this study,
the interest lies in the stacking faults generated during the
growth. The diffuse intensity distribution varies strongly
when α, the probability of a stacking fault appearing in
the fcc phase, increases from 0 (pure fcc) to 1 (pure hcp).
Consequently, scanning in the range between the [113]fcc

and [101̄4]hcp peaks, as shown in Figure 1, the stacking
fault density in the layers can be evaluated.
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Fig. 1. Reciprocal lattice points corresponding to the possible,
fcc, fcc-twin, and hcp, structure of Co. The growth direction is
[111]fcc ([0001]hcp). The outer circle represents the limit due to
the wavelength (λ = 0.1789 nm). The inner circles represent
the limits for reflection (outside of the circles) and transmission
(inside) geometries. The rectangle in the upper left part of the
figure corresponds to the section used for the diffracted inten-
sity measurements (rocking curves in asymmetric geometry).

2.2 Experimental data and qualitative analysis

2.2.1 X-ray diffraction in symmetric geometry

The scanning using the HRD diffractometer, in order to
examine the multilayer periodicity, was performed along
the QZ axis of the reciprocal space. All the spectra ob-
tained have a shape similar to that shown in Figure 2:
the Ru peak is clearly visible at QZ/2π= 4.67 nm−1, and
the fifth order peak at QZ/2π= 5.05 nm−1 of the mica
substrate is very intense. The impurity concentration in
mica could explain the supplementary small peaks, when
they appear, at QZ/2π of 5.5, 4.5 and 4.25 nm−1. The
superlattice main peak (labelled SLn), corresponding to
the average lattice parameter along the growth direction,
has an intensity comparable to that of the Ru peak. The
superlattice period gives rise to weak satellites (labelled
SLn+2, SLn+1 and SLn−1). The intensity of these satel-
lites is related to the atomic contrast between Co and Mn
which is small when scanned at λ= 0.154059 nm (Fig. 2c).
Generally, only one or two satellites could be observed;
their presence shows a limited interdiffusion and the good
quality of the superlattice.

Contrast enhancing anomalous diffraction conditions
were employed at LURE to study a sample [Co 2 nm/Mn
0.6 nm]×30 (see Fig. 2a,b). The X-ray wavelengths

4.5 5.0 5.5 6.0
0

1

2

3

4

n-1 SL
SL

SL

 

Ru n+1
n

mica
mica

mica mica
λ=0.16090 nmb

 
4.5 5.0 5.5 6.0

0

1

2

3

4

SL
SL

SL
n-1

lo
g(

I/I
0
)

lo
g(

I/I
0)

a

Ru
n+2

n+1
n

mica

SL
micamica

mica

λ=0.18975 nm

 

lo
g(

I/I
0)

4.5 5.0 5.5 6.0
-1

0

1

2

n

SL
n-1
SL

Ru n+1SL

λ=0.15406 nm

mica
mica

c

 

QZ / 2π (nm-1)

Fig. 2. θ/2θ X-ray diffraction from the multilayer
[Co 2 nm/Mn 0.6 nm]× 30 obtained at LURE (a, b) and at
the laboratory (c). Comparison of the experimental data and
the simulation as described in Section 2.3.

were chosen to be 5 eV below the K edge of Mn
(λ = 0.18975 nm) and of Co (λ=0.1608 nm). The finite
thickness fringes from the Ru buffer layer are well resolved
in spectra a and b, while they are not visible in spectrum c.
The better signal to noise ratio at LURE, as well as the
better angular resolution, explain this difference. In spec-
tra a, the superlattice reflections SLn+1 and SLn+2 are
also clearly resolved.

From their position one can deduce the actual period
of the superlattice, and consequently the actual thickness
of the layers. As a matter of fact, the nominal thickness
can differ notably from the actual one due to either a
difference between the sticking ratios of the atoms on the
quartz micro balance and on the sample, or to a difference
between the density of the phases deposited on the quartz
and on the sample (especially for Mn). Using the simple
hypothesis that the ratio between the nominal and actual
thickness is constant for each element, and plotting the ra-
tio between the actual and the nominal period, we can cal-
culate the correction factors for Co (rCo) and Mn (rMn) in
the specific growth conditions. The general trend for most
of the samples is: rCo ' 1 and rMn ' 0.46. Nevertheless,
the samples with smaller quantities of Mn deviate from
that trend. In these samples, where almost only cobalt
is deposited, the correction factor for Co is close to 0.8,



228 The European Physical Journal B

0.0 0.2 0.4 0.6 0.8 1.0

4.75

4.80

4.85

4.90

4.95

Mn (0.2120 nm)
-1

tCo=3.0 nm
tMn=0.4 nm

(0.2033 nm)
-1

(0.2107 nm)
-1

Co hcp (0.2035 nm)
-1 

Co fcc (0.2045 nm)
-1 

1/
d 

(n
m

-1
 ) 

m
ea

n 
la

tti
c e

 p
ar

am
et

er

tCo/(tCo+tMn)

Fig. 3. Inverse of the mean lattice parameter in
the growth direction for both Series I and II as
a function of the relative nominal thickness of Co.
( 1
d

= (nA+nB)
(nAdA+nBdB)

= tA
tA+tB

1
dA

+ tB
tA+tB

1
dB
·)

a value that has already been reported for Co/Ru multi-
layers [23]. Therefore, it seems that the sticking coefficient
of Co is not constant in these layers, and the presence of
Mn increases it from 0.8 to almost 1. This is not surprising
as the presence of an ordered CoMn phase in the phase
diagram [26] is an indication of a strong interaction be-
tween Co and Mn atoms.

Figure 3 shows the variation of the inverse of the aver-
age lattice parameter in the growth direction, as deduced
from the superlattice main peak SLn position for both
Series I and II, as a function of the relative nominal thick-
ness xCo of Co. The variation is expected to be linear, with
extrapolated values at xCo = 0 and xCo = 1 correspond-
ing to the lattice parameters along the growth direction
for the Mn and Co layers respectively. The result of the
linear regression is shown in Figure 3; note that there are
no errors presented, the experimental error bars for 1/d
being smaller than the symbol size. Nevertheless, the use
of the nominal thickness values introduces an additional
error.

In this figure, the bulk values of the lattice parameter
for the two possible Co phases are presented, as well as
the expected lattice parameter for the γ-Mn phase when
extrapolated to room temperature. As can be seen, the ex-
trapolated and bulk values are in reasonable agreement.
The extrapolated Co lattice parameter is smaller than the
bulk fcc one, whereas the observations in asymmetric ge-
ometry have shown an expansion of the lattice param-
eter in the growth direction. The asymmetric geometry
result is rather reliable, and this allows an estimation of
the error on the extrapolated parameter. This error could
be attributed to the uncertainty introduced by the use of
nominal thickness values, as well as the existence of strain
or structural changes within the layers.

In the samples having the thickest Co layers, the value
of the lattice parameter along the growth direction is in

between the fcc and the hcp lattice parameter, which is
in agreement with the existence of a two phase mixture in
these samples (for details, see discussion section).

The correlation length along the growth direction, as
deduced from the SLn peak width in QZ , does not vary
in Series II samples, in contrary to what was observed
in Series I. It remains equal to about one third of the
multilayer thickness (∼25 nm). This large correlation
length could be explained easily by the fact that the Mn
layers are not continuous (this assumed sample correlation
length is probably slightly under-estimated as the beam
coherence length is about 100 nm). The coherence of the
periodicity in the growth direction is not perturbed by a
concentration of Mn that only expands the lattice locally.

The FWHM of the rocking curves from Series II sam-
ples is almost constant (about 1.4◦), whereas the buffer
layer rocking curve width is about 1.3◦. This measurement
does not allow a separation between the contribution of
the mosaic distribution and the one due to the finite in-
plane correlation length. Indeed, the width of the rocking
curves is mainly related to the substrate on which the
multilayers are grown.

2.2.2 X-ray diffraction in asymmetric geometry

Asymmetric rocking curves were obtained from the rect-
angular area shown in Figure 1. Figure 4 shows the evolu-
tion of the X-ray diffraction intensity (obtained with the
D500) near the [101̄3]hcp and [101̄4]hcp Bragg peaks of Ru
and Co, and near the [113]fcc and [2̄2̄0]fcc-t Bragg peaks
of the normal and twin fcc Co, respectively. The position
of these peaks, calculated from bulk parameters, is shown
in the upper part of Figure 4. The Ru peak is always the
most intense, as expected from its strong diffusion factor
and the coherence of the buffer layer, although the total
thickness of Ru (25 + 10 nm) is comparable to the total
thickness of Co.

For each intensity map, the contribution of Ru and
Co/Mn layers are found at QX/2π of 4.3 and 4.6 nm−1,
respectively (see Fig. 4). For the Co/Mn layers, it incorpo-
rates the following peaks: [2̄2̄0]fcc-t, [101̄3]hcp, [113]fcc, and
[101̄4]hcp. The additional peaks (at QX/2π = 3.9 nm−1

and QZ/2π = 9.3 or 8.7 nm−1) can be attributed to mica.
The data corresponding to constantQX were extracted

and fitted with Gaussian shape lines. The smooth back-
ground was taken into account as a linear contribution.
Corrections for the total number of atoms and the vari-
ation of the scattering factor have also been taken into
account. The procedure was validated using the intensity
of the [101̄3] and [101̄4] Ru peaks. The expected factor
of 3 in the intensities was indeed observed. The result is
plotted as a function of QZ (Fig. 5) for the contribution
of Co/Mn.

For all samples the fcc peaks are clearly resolved. For
the samples with thinner Co layers, stacking faults are
present, giving rise to a diffuse line which broadens the
[113]fcc and [2̄2̄0]fcc-t peaks towards the [101̄3]hcp position.
This stacking fault contribution increases in the samples
with thicker Co layers, gradually giving rise to a weak peak
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Fig. 4. Iso-intensity maps of the X-ray diffraction from the
rectangle section in Figure 1 and for different multilayers hav-
ing always 0.4 nm of Mn. Top, positions of the Bragg peaks
in the measurement rectangle, (1) to (6) maps from samples 1
to 6.

at the [101̄3] position. The hcp [101̄4] peak appears only
for samples 5 and 6 (tCo of 4.5 and 6 nm, respectively),
but even in these samples, the Co layers are mainly fcc.
Detailed analysis, using a Monte-Carlo like simulation of
the stacking fault density, is given in Section 2.3.

The residual strain in the Co layers was evaluated
using the position of the peaks. For this purpose, the
correctness of the experimental setup was verified using
the Ru Bragg peaks, since they appear at the expected
positions.
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Fig. 5. Intensity profile along the [101̄l]hcp line measured for
samples 1 to 6 extracted from the maps shown in Figure 4. The
solid line corresponds to the best simulation using the model
presented in Section 2.3.

In the growth direction (QZ), the resolution is good,
and the evolution of the Cobalt parameter from a 1%
strained value, for sample 1 (tCo = 0.75 nm), to the fcc
bulk one, for sample 6 (tCo = 6 nm), is clear. The resolu-
tion along the QX direction is not as good. For sample 1
(cobalt thickness ∼3.5 monolayers), the cobalt in-plane
strain is ∆a/a = 1.5 ± 1.0%. This is not surprising as
most of the Co atoms are in the vicinity of Mn atoms
whose atomic volume is larger than that of Co. The in-
plane parameter decreases with increasing thickness of the
Co layer, and eventually reaches its bulk value within the
error margin in sample 6. As a matter of fact, it would be
surprising if 0.4 nm of Mn could strain 6 nm of Co. Any
different evolution of the two lattice parameters would cor-
respond to a trigonal deformation, but the QX resolution
does not permit a quantitative estimation of the presence
of such deformation. In conclusion, the lattice expansion
in the Co layers can be attributed to the Mn, and this
strain is relaxed gradually as the thickness of the Co layer
increases.

2.3 Quantitative analysis of the results

2.3.1 X-ray diffraction in symmetric geometry

Quantitative results were obtained from the interpretation
of the experimental data with the aid of a computer sim-
ulation using the kinematic approximation. The in-house
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developed software that was used has been already de-
scribed elsewhere [20,27]. The needed refinement was not
straightforward due to the large number of parameters in-
volved and due to the fact that the structure of the Mn
layers is not known, and, of course, the main obstacle is
the mica substrate intensity. The substrate signal is not
reproducible as it varies from sample to sample because
natural mica was used, and the existing variety of impu-
rities does not allow an accurate prediction of the signal.

The parameters for the simulation are the number of
atomic planes for each layer (nCo and nMn), the inter-
planar distances along the growth direction in each layer
(cCo and cMn), and the density in the growth plane (sCo

and sMn, which are related to the in plane lattice param-
eters aCo and aMn). The fluctuation of the layer thickness
was taken into account as a Gaussian distribution with
FWHM σ (averaging the intensity over a large number of
‘samples’) [27]. Additionally, a linear concentration profile
was used to describe the interface gradient. The slope p1

(p2) gives the Co (respectively Mn) concentration varia-
tion on a monolayer at the Co/Mn (respectively Mn/Co)
interface.

The lattice parameter of the cobalt has been found to
be similar to that of the bulk fcc cobalt, in agreement with
the NMR and asymmetric geometry X-ray diffraction re-
sults. The Mn plane spacing in the growth direction was
found to be 0.209 nm, a value similar to the one derived
with data extrapolation from Figure 3 (0.2107 nm). The
solid lines in Figure 2 represent the best fitting simula-
tion obtained using the following parameters: nCo = 9.4
and nMn = 1.3, cCo = 0.2045 nm and cMn = 0.209 nm,
sCo = 9.24 at/nm2 and sMn = 6.86 at/nm2. These yield
a thickness of tCo = 1.92 nm and tMn = 0.28 nm, and
assuming a dense six-fold symmetry, as in the fcc (111)
plane, in-plane atomic distances of aCo = 0.25 nm and
aMn = 0.29 nm. The experimentally found width of the
main peak, which is related to the correlation length along
the growth direction, can be reproduced satisfactory by a
coherent diffraction of 19 bilayers.

It was found that there is no significant interdiffusion
(p1 = p2 = 1) and a small dispersion of the layer thickness
σ = 5%. The accuracy of the values for these interface
parameters is limited by the presence of the mica peak
tail. As far as interdiffusion is concerned, RHEED and
NMR observations suggest island growth of Mn, allow-
ing the coherence of the Co layers to be retained through
a discontinuous Mn layer, especially since the Mn layer
thickness is less than 2 monolayers.

The errors on the different parameters are estimated
from the different sensitivity of the simulation to the value
of each of them. These errors were 0.5% for cMn and 5%
for aMn (10% for sMn). The large error value for aMn (sMn)
is due to inconsistencies in the fitting of the SLn−1 peak
at the concerned wavelengths. In fact, the large differ-
ence between the surface density of Co and Mn, a ratio
of 0.75, suggests some disorder in the Mn layers due to
the existence of a large number of vacancies. The value of
aMn is thus an average and cannot yield precise informa-
tion on the Mn structure. Nevertheless, the Mn layers in

these samples are so thin that it is not appropriate to talk
about 3D structure. The results from anomalous diffrac-
tion are in agreement with information obtained from
in situ RHEED [21] showing an incoherent growth of Mn
on Co with an average in-plane parameter of 0.29 nm for
the first deposited monolayer.

The values obtained from the anomalous diffraction
simulation were verified in simulation of other spectra for
data recorded at the laboratory. The only adjustable pa-
rameters here were the thickness of Co and Mn layers,
and the good agreement found in the results confirmed
the validity of the method.

Low in-plane density exists for the thicker Mn layers,
aMn ∼ 0.29 nm assuming a close packed stacking. The
Mn lattice parameter is larger than the Co both in-plane
(16%) and in the growth direction (2.2%). Thus the Mn
structure would be trigonal (c/a = 0.72 instead of 0.816
for fcc Mn) and, if there is one atom per unit cell, the size
of the manganese atom would be large. Such large man-
ganese atomic volume has been already reported [28,29]
for other systems. Data obtained from the structure inside
the Mn layers did not illuminate the situation [20], thus
there is no direct information on the structure of the Mn
layers.

2.3.2 X-ray diffraction in asymmetric geometry

Monte-Carlo simulations were performed for a large num-
ber of ‘samples’ and the corresponding X-ray and NMR
spectra were calculated. Experimentally, the X-ray diffrac-
tion intensity has been measured around the area defined
by the [101̄4]hcp, [113]fcc, [101̄3]hcp and [2̄2̄0]fcc-t peaks;
the simulation was performed using the lines parallel to
the QZ axis corresponding to the above mentioned peaks,
as well as to the [0002]hcp and [111]fcc peaks (symmetric
geometry).

The ‘samples’ are considered as disks with a diame-
ter of 20 unit cell parameters, thus containing around 150
atoms. This size has been found to be large enough so
that the results become size independent. The atoms in
the planes have an hexagonal arrangement and can oc-
cupy 3 sets of positions, corresponding to the A, B and
C positions of an fcc structure. We will use this notation
to describe the type of the plane (A, B or C). The type
of the first plane is chosen randomly as well as the ini-
tial stacking: normal fcc (ABC stacking) or twin fcc (ACB
stacking). The ‘sample’ was constructed plane by plane, at
each step the presence (or the absence) of a stacking fault
was determined by comparing a randomly generated num-
ber with the probability α. For the thickness of the disk,
the correlation length of the superlattice was used, thus
the equivalent of the experimentally measured intensity
was obtained as the sum of the calculated intensities for a
large number of disks (typically 3000). The main parame-
ters of the simulation are the probability of appearance of
a stacking fault (α) and the correlation length correspond-
ing to the number of planes for each sample (Nplan).

We assumed that the parameter α, the occurrence
probability of a stacking fault within a grain, could
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Fig. 6. Simulated intensity along the [101̄l]hcp line for different α and Nplan. (a) Nplan = 11, (b) Nplan = 125.

completely describe the state of a grain (as suggested,
among others, by Guinier [25]). This way, we do not take
into account any interaction between stacking faults.

The growth plane of the samples is the six-fold sym-
metry plane common to both fcc ((111) plane) and hcp
((0001) plane) structures, and each time, at the beginning
of a new plane, the first atom could be deposited aligned
either with the atoms of the penultimate plane or not. The
first option is always followed in the case of hcp growth,
while the second is valid in the case of fcc growth. As the
energy difference between both stacking sequences is very
small in cobalt, the cobalt growth very often takes place
with a lot of stacking faults along the growth direction.

The intensity of the [111]fcc Co peak, alongQZ , is inde-
pendent of α. The peak height is proportional toN2

plan and
the FWHM of the peak is proportional to 1/Nplan. This
is expected, as long as there is no change in the plane
spacing according to the local stacking. Experimentally,
the variation of the perpendicular-to-plane parameter be-
tween an fcc (0.2045 nm) and an hcp (0.2035 nm) stacking
is 0.5%, and that can be considered as negligible as long
as Nplan ≤ 200, which is always true in our case.

Along the line parallel to QZ , corresponding to the
line through the peaks [2̄2̄0]fcc-t and [101̄4]hcp, the height
and width of the peaks depend strongly on α as well as
on Nplan. Figure 6 shows the dependency of the intensity
divided by N2

plan on α along this line for Nplan = 11 and
125. In a perfect structure, these intensities would have
a value of 0.5 for both [113]fcc and [2̄2̄0]fcc-t, and 0.75
and 0.25 for the [101̄3]hcp and [101̄4]hcp respectively. The
width of the peaks corresponds in this case to the normal
diffraction showing the classical [sin(qNplana)/(qNplana)]2
variation.

With α increasing from 0 to 1, the intensity of the
fcc peaks decreases, and a background intensity appears
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Fig. 7. H4/H3 dependence on Nplan, where H4/H3 is the ratio
between the [101̄4]hcp and [101̄3]hcp peaks.

between them. For values of α between 0.3 and 0.6, a
large intensity is observed centred on the [101̄3]hcp peak
and extending between the two fcc peaks. As α increases,
this intensity distribution takes the form of the [101̄3]hcp

peak, while only for values of α larger than 0.7 a peak is
clearly observed at the [101̄4]hcp position. The variation
of H4/H3, the ratio of the maxima of the hcp peaks, is
plotted as a function of Nplan in Figure 7. It saturates
very rapidly for thick samples when a significant number
of stacking faults is present in the hcp structure (α ≤ 0.8).
The same behaviour is observed for L3, the width of the
[101̄3]hcp peak. This implies that, for samples with inter-
mediate values of α, the shape of the spectra is inde-
pendent of the number of atomic planes. In the case of
high stacking fault densities, concerning both fcc and hcp
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Nplan. The points corresponding to samples 5 and 6 are shown
as rectangular areas, representing the errors for both values.

structures, it means that the structural correlation length
is smaller than the sample thickness.

The X-ray experimental spectra (Fig. 5) clearly incor-
porate two contributions. Thus, we assume that the sam-
ples are formed of two types of grains: fcc-like and hcp-like
grains with different correlation lengths and stacking fault
densities. Comparing the experimental spectra with the
one obtained from a perfect fcc having a number of planes
that corresponds to the Co layer thickness, we see that
the experimental fcc peaks are much narrower, therefore
the correlation length in the samples ranges over several
Co layers. The correlation length along the QZ direction
has been found to be very similar in all the samples for
the [111]fcc ([0002]hcp) peak, with a value around 25 nm.
This value was used as the correlation length for the fcc
stacking simulation, and this corresponds to Nplan = 125.

The spectra simulation was executed in two steps, first
the value of α in the fcc phase was deduced from the width
of the fcc peak using Nplan = 125. Then the intensity of
this contribution was subtracted from the spectra to get
the approximate value of the hcp contribution. The char-
acteristic plot of that hcp contribution, H4/H3 versus the
width L3 is shown in Figure 8 where the points repre-
senting these quantities have been calculated for differ-
ent values of α and for varying values of Nplan. The best
choice of values for α and Nplan has been found for sam-
ples 5 (Nplan = 8) and 6 (Nplan = 27) when α is close
to 0.8. For the other samples, where α is intermediate
(0.3 < α < 0.6), the intensity per plane is independent of
Nplan, and a value of Nplan = 125 was used for the cal-
culations. Finally, the experimental spectra was fitted to
these two contributions to get the proportion of the two
phases. The results are given in Table 1.

3 Nuclear Magnetic Resonance

3.1 Experimental details

Nuclear Magnetic Resonance (NMR) in ferromagnetic
samples is very sensitive to the crystallographic and mag-
netic surroundings of the resonant nucleus. The nucleus
hyperfine field is modified by changes in the occupancy
or in the position of its near neighbour sites: NMR is
sensitive to both topological and chemical environment.
Hence, it is possible to differentiate a cobalt nucleus in
an fcc Co environment from one in an hcp Co surrounding
as their resonance frequencies are quite different: 217 MHz
for fcc Co and 226 MHz for hcp Co (when the local mo-
ment is perpendicular to the c-axis, as it is in the case of
the studied superlattices). These frequency values may be
slightly modified due to the existence of elastic strains [30].
NMR experiments performed under high pressure show
that the change in resonance frequency f due to a change
in the atomic volume V is given by δf/f ≈ −δV/V [31].
In addition, intermediate peaks between the fcc and hcp
ones, originating from atoms at stacking faults, can be
observed [32].

In a perfect crystal the peaks are narrow (FWHM <
1 MHz), but a broadening can appear due to alloying or to
crystallographic defects. In multilayers both effects coex-
ist: alloying at the interfaces and crystallographic defects
inside the layers as well as at the interfaces. Qualitatively,
the Co NMR spectra in multilayers consist of a main line
corresponding to the bulk of the Co layers (Co surrounded
by Co only) and of a tail arising from interfacial Co atoms
that have at least one alien atom in their nearest neigh-
bour shell [33]. The shape of the main line yields infor-
mation about the crystallographic structure of the layers,
whereas the shape of the tail gives an insight on the nanos-
tructure, roughness and admixture of the interfaces.

Zero field Co NMR spectra have been obtained at 1.5 K
using an automated frequency scanning broadband spec-
trometer with phase coherent detection. The spectra were
corrected for the frequency dependent enhancement factor
and the ω2 dependence of the NMR signal [34].

3.2 Experimental data

Both series of Co/Mn samples were studied using NMR.
The experimental results obtained from Series I are pre-
sented here as a reminder of the structural changes, on
an atomic scale, that occur when the thickness of the Mn
layer increases. This evolution, at constant Co thickness
(3 nm) and varying Mn thickness (tMn), is displayed in
Figure 9. For the sample having the thinnest Mn layers
(0.4 nm), the Co layers are strained and have an fcc struc-
ture, as it becomes evident from the sharp main peak at
215 MHz, instead of the 217 MHz peak for bulk fcc Co.
However, the shoulder peak close to the main peak and
at higher frequencies, indicates the existence of a consid-
erable number of stacking faults in the fcc structure. In
samples having thicker Mn layers, observations show that
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Table 1. The different phases deduced from X-ray and NMR spectra analysis, the corresponding α (stacking fault probability)
and their occurrence percentages. For each sample the number, the nominal thickness in nm, the actual thickness in monolayers
and the number of bilayers N are given.

Sample X-rays NMR

# tCo N small α medium α large α small α medium α large α

nm ML α % α % α % α % α % α %

1 0.75 3 65 0.05 33 0.30 67

2 1.2 5 47 0.05 22 0.30 78 0.45 100

3 1.5 6 40 0.05 26 0.30 14 0.40 60 0.09 29 0.42 71

4 3.0 12 22 0.10 65 0.50 35 0.16 65 0.66 35

5 4.5 18 15 0.08 79 0.84 21 0.08 62 0.63 38

6 6.0 24 12 0.05 77 0.84 23 0.06 66 0.66 34
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Fig. 9. Evolution of the 59Co NMR spectra in the Series I samples (constant Co thickness 3 nm) as a function of the Mn layer
thickness. Left, interface spectrum (Co surrounded by at least one Mn atom). Right, bulk Co layers spectrum (Co embedded
in Co).

the main peak shifts towards higher frequencies, i.e. to-
wards the hcp position, and broadens. Note that NMR
results, which reflect the average short range structure,
do not show an abrupt transition around tMn = 1.6 nm
but a rather continuous evolution between tMn = 0.4 nm
and tMn = 2 nm. For tMn > 2 nm the shape of the spectra
does not evolve anymore. In fact, at large Mn layer thick-
ness, the Co layer never achieves the perfect hcp stacking.

Experimentally, the main peak appears at 222 MHz,
compared to 226 MHz for bulk hcp Co. If this diminution
of the resonance frequency was to be attributed to residual
strain, it would correspond to an atomic volume change
of δV/V of about 2%. However, the width of the peak,
which covers the full frequency range from fcc to hcp Co,

indicates that the maximum at 222 MHz can be better
interpreted by the coexistence of hcp and fcc stacking.

The subsidiary peaks at lower frequencies are gener-
ated by the interfacial Co atoms. The spectra show that
the interface nanostructure does not evolve greatly with
increasing Mn thickness, except for a small increase in
intensity and a shift towards higher frequencies compa-
rable to that of the main peak. From the relative inten-
sity between the interfacial contribution and the total Co
spectra, the amount of Co atoms in contact with Mn is
estimated to an equivalent Co thickness of about 0.3 nm
(1.5 monolayers) at each interface (for a more detailed
analysis see Sect. 3.3).
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Fig. 10. Evolution of the 59Co NMR spectra in the Series II samples (constant Mn thickness 0.4 nm) as a function of the
Co layer thickness. The spectra lines are normalised to tCo so that the intensities of the peaks are comparable. Left, interface
spectrum (Co surrounded by at least one Mn atom). Right, bulk Co layers spectrum (Co embedded in Co).

The NMR spectra of the Series II with constant Mn
layer thickness of 0.4 nm are shown in Figure 10. For
the largest Co layer thickness (6 nm), the peak position
(216.5 MHz) of the main resonance line corresponds to
bulk, slightly expanded, fcc Co. The shoulder on the high
frequency side of this line is due to hcp stacking faults.
When the Co thickness decreases, the main peak broad-
ens and shifts towards lower frequencies because of the
increased expansive strain due to the larger lattice pa-
rameter of Mn compared to Co. For the smallest Co layer
thickness, 0.75 nm (0.6 nm actual), only a weak NMR sig-
nal (not shown) could be observed; this is consistent with
the above mentioned fact that at each interface about
0.3 nm of Co are involved and, therefore, the Co layers
are weakly ferromagnetic for this sample because the in-
terfacial mixing extends over the whole of the layer. The
detailed changes to the shape of the main line are analysed
in Section 3.3.

The low frequency parts of the spectra are almost iden-
tical, which shows that the nanostructure and the com-
position at the interfaces do not change with increasing
Co thickness. Between the bulk peak and the interface
contribution, there is a fraction of Co nuclei, that res-
onates in the frequency range 200–210 MHz, which does
not clearly belong either to the bulk or to the interface.
Usually the signal in this range arises from grain bound-
aries and increases linearly with layer thickness [35]. Here,
a small increase of this signal is indeed observed at small
thickness but it reaches an upper limit at larger thickness.
Therefore this signal definitely corresponds to Co atoms
close to the interface. Two explanations are possible for
this: (i) crystallographic, due to the presence of disloca-
tions in the vicinity of the Mn layer, or (ii) magnetic,
due to an extended influence of Mn, further than the first

neighbours, on the hyperfine field and the magnetic mo-
ment of Co.

3.3 Analysis of the results

3.3.1 Interface structure

In order to obtain information on the composition at
the interfaces, we created a model for the interface spec-
tra. As discussed elsewhere [34,36], the basis for inter-
face spectra modeling is the shift of the Co NMR fre-
quency resulting from the presence of alien elements in the
nearest neighbour shell of a Co nucleus: this shift gives
rise to successive satellites to the main peak which corre-
spond to nearest neighbour configurations with 1, 2, etc.
alien neighbours and the intensity of which scales with the
fraction of volume occupied by the corresponding config-
uration. For Mn, our measurements in bulk CoMn alloys
show that the satellite spacing is ∼45 MHz per Mn neigh-
bour. Considering a small admixture at the interfaces, a
rather flat (111) interface would be expected and the spec-
tra should show, at about 80 MHz, a dominant satellite
peak corresponding to Co atoms having 3 Mn neighbours.
Nevertheless, this is not the case: the dominant satellite is
about 45 MHz only below the main peak, corresponding
to Co atoms with 1 Mn neighbour, while a broad hump, in
the 90–120 MHz region, arises from Co atoms having 2 or
3 Mn neighbours. Considering that only one monolayer of
Mn has actually been deposited in Series II (rMn = 0.46),
a quick interpretation shows that, if this Mn layer was
split into two atomic planes containing 50% Mn each, the
spectrum obtained from the interface would be dominated
by Co atoms with 1, 2 and, to a lesser extent, 3 Mn neigh-
bours, in full agreement with the observations. A model
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Fig. 11. Simulation (bold line) of the Co/Mn interfacial spec-
trum assuming that Mn atoms are randomly distributed in two
atomic planes of a Co0.5Mn0.5 alloy. The contributions of the
different components in the spectrum are shown as: dash-dots,
the bulk of the Co layers, thin line, the last pure Co plane at
the interface, and dashed line, the CoMn interface alloy.

[36] for the concentration profile at the interface confirms
the fact that Mn is distributed over 2 atomic planes with a
Mn content of 0.5 (Fig. 11). Consequently, there is no pure
Mn plane in the Series II samples. When the Mn thickness
increases, as in Series I, complete Mn planes are formed
almost immediately between the two alloyed planes with
only a small increase of Co-Mn admixture. This analysis is
in agreement with the RHEED data [21] obtained during
the Mn growth, which show 3D diffraction spots visible
on the streaks, demonstrating that the deposition of the
Mn layers does not follow a layer by layer growth mode.
Nevertheless, the analysis of the NMR data shows that the
interface roughness remains limited to one mixed plane in
agreement with the XRD analysis.

3.3.2 Stacking faults in the Co layers

To obtain quantitative information concerning the hcp
and fcc phases within the Co layers, as well as the crys-
talline quality, we analysed the shape of the bulk part of
the NMR spectra using the same model as for the asym-
metric X-ray diffraction data: the Co layers are consid-
ered as consisting of grains that differ in the fraction α
of stacking faults they contain. As the NMR of a nu-
cleus depends mostly on the nature and distance of the
atoms in its nearest neighbour shell, the resonance fre-
quency of a nucleus in a dense plane, say B, depends on
the stacking, such as ABC (fcc like) or ABA (hcp like) and
also on the stacking of its two adjacent planes. Hence the
NMR signal depends on sequences of 5 planes, which may
differ in the number and the position of stacking faults
they contain. Starting from an arbitrary AB stacking,
we have 2 possibilities for each of the subsequent planes,
leading to 8 possible sequences; among these, only 6 se-
quences are different: S0 = ABCAB, S11 = AB/ACB and
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Fig. 12. Example of 59Co spectrum as observed for a well
crystallised bulk fcc Co sample. On the high frequency side
of the main fcc peak, three contributions (shown magnified)
related to stacking faults are visible. The highest frequency
one corresponds to a hcp-like stacking (locally), which can be
explained by the presence of 3 or more adjacent stacking faults.

S12 = ABC/BA, S21 = AB/A/BC and S22 = AB/AC/A,
S3 = AB/A/B/A, where “/” represents a stacking fault
in the fcc sequence. The two other sequences, ABCA/C
and ABC/B/C, are identical when read from right to left
to S11 = CA/CBA and S21 = CB/C/BA, respectively.

One expects the nuclei in the central plane of each of
the 6 different sequences to resonate at different frequen-
cies. Actually, the NMR spectra of the Co samples show
only 4 resolved peaks, almost equally spaced: the fcc, the
hcp, and two peaks in between (see Fig. 12 for an fcc
sample and reference [32] for various fcc/hcp mixtures).
In fact, one can see that the sequences S11 and S12 differ
only by the position of the single fault which is found ei-
ther before or after the central plane; then, one can easily
imagine that the hyperfine field at this central plane does
not really differ between these two configurations. As far
as S21 and S22 is concerned, the same argument holds,
the only difference being that the stacking faults are in-
troduced in an initial hcp sequence. Indeed, they can be
seen as S21 = ABAB\C = CB\ABA (when read from
right to left), and S22 = ABA\CA, where “\” represents
a stacking fault in the hcp sequence. Therefore the model,
as a result of these experimental observations, takes into
account 4 peaks corresponding to configurations around a
central plane having between 0 and 3 stacking faults. That
means S0 at ∼217.5 MHz (locally fcc), S1 (S11 and S12)
at ∼220.5 MHz (1 fault, fcc dominant), S2 (S21 or S22) at
∼224 MHz (2 faults, hcp dominant) and S3 at ∼226 MHz
(locally hcp).

Assuming that stacking faults are not interacting, the
intensity of the 4 peaks is constrained to scale with the
binomial probability to find 0 to 3 stacking faults among
3 places in a sequence of 5 planes, which depends only
on the concentration of stacking faults α. In the fitting
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Fig. 13. Simulation of the NMR spectra from the bulk Co
part in the Series II (samples 3 to 6) using two populations with
different concentrations α of stacking faults (α = 0 corresponds
to perfect fcc and α = 1 to perfect hcp).

procedure the relative positions of the 4 peaks were kept
constant (within 0.5 MHz) but a shift of the whole spec-
trum was necessary in order to take into account the effect
of strains. As shown in Figure 13, the bulk part of all the
experimental spectra could be satisfactory simulated with
two populations of ‘grains’, one dominantly fcc (α < 0.5)
and one dominantly hcp (α > 0.5). For comparison with
the results of the X-ray diffraction study, the quantitative
results obtained are given in Table 1. They confirm that
the fcc phase is dominant and of much better crystalline
quality than the hcp phase.

3.3.3 Strains

Due to the structural changes which follow the increase of
the Co layer thickness, it is difficult to observe the exact
shift in frequency due to strains. From the fitting per-
formed, the main fcc peak is found at 212 MHz for the
thinnest Co layer, which represents a shift of ∼5 MHz
from the resonance for bulk fcc Co. This 2% decrease in
the resonance frequency corresponds to a relative volume
change of +2%, that is 0.7% expansive strain, assuming
that the expansion is isotropic. For larger Co thickness,
the resonance frequency increases further to 216.5 MHz
for tCo = 6 nm, a shift that corresponds to a residual
strain of less than 0.2%.

4 Transmission Electron Microscopy

The transmission electron microscopy studies have been
performed using a 200 kV Topcon 002B high resolu-
tion microscope (point to point resolution 0.18 nm) in
Strasbourg and a JEOL 4000EX in Antwerpen.

Cross section TEM samples were prepared using a spe-
cial procedure. First, the crystal orientation of the Ru
buffer was obtained using X-ray diffraction in the asym-
metric geometry and thus the samples could be cut into
2.5 mm × 10 mm pieces along the [101̄0] and [112̄0] direc-
tions, respectively. Two of these pieces were glued face to
face with conducting epoxy, then sandwiched between two
arcap (Cu-Ni alloy) half cylinders and inserted into an ar-
cap tube with an outer diameter of 3 mm. This tube was
cut into discs having a thickness of 0.4 mm. The discs were
mechanically polished down to a thickness of ∼0.04 mm
and ion thinned in a liquid nitrogen cooled dual gun,
low angle ion mill. The ion current and the accelerating
voltage during the thinning were optimised in order to
minimise heating and ion-bombardment damage. Initially,
the accelerating voltage was 5 kV and the ion current
2 mA, with a 4◦ angle of incidence. In the final stage,
2 kV and 1.5 mA were employed.

Figure 14 is a micrograph of the sample [Co 6 nm/Mn
0.4 nm]×12 with the electron beam direction along the
[112̄0] azimuth of both the Ru buffer layer and the hcp Co
phase, which coincides with the [11̄0] azimuth of the fcc
Co. The damage visible at the top part of the imaged area
is due to the ion thinning (amorphous and misoriented
areas). The left side of the image is relatively thick and
does not allow high resolution microscopy. The analysis
was performed using the central part of the image where
the flatness and continuity of the dense growth planes
show that the irradiation damage is negligible, while the
thickness is suitable.

The selected area diffraction pattern corresponding to
the image is shown in the insert. The vertical direction
being the growth direction, the inner lines on both sides
of the central one are due to hcp Ru and the outer lines
due to Co (superposition of fcc and hcp contributions with
streaks due to stacking faults). The twins of the fcc phase
appear with the same intensity, as expected, while the
hcp contribution is smaller. In agreement with the X-ray
diffraction results, the cobalt appears relaxed as its in-
plane lattice parameter corresponds to the bulk fcc. No
additional diffraction spots that could be attributed to
Mn are visible. The Mn layers (∼0.92 monolayers) are too
thin to be imaged directly.

In the image, strong contrast appears in regular in-
tervals along the growth direction. The thickness of the
manganese layers, as already mentioned, is too small to be
directly imaged. Nevertheless, the distance between these
lines of contrast and the position of the Ru buffer layer
show that they appear exactly at the expected position of
the thin Mn layers (indicated by long horizontal arrows).
Their flatness over long distances, and the similarity with
the images obtained from samples presenting a mixture of
fcc and hcp phase due to an incomplete martensitic trans-
formation, suggest that they originate from stacking faults
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Fig. 14. Cross-section TEM image from the sample [Co 6 nm/Mn 0.4 nm]×12. The zone axis is [112̄0]hcp. The black arrows
indicate the contrast related to the presence of the Mn layers. The corresponding SAED pattern is shown in the upper right
corner. The area in the shown square was used for the image processing (see Fig. 15).

that are present in the growth direction at and around the
manganese layers.

To retrieve precise information on the stacking of the
layers and on the position of the defects present in the
picture, the image was digitally processed. Fourier trans-
form of a selected area provided a power spectrum cor-
responding to a diffraction pattern incorporating all the
different peaks previously mentioned. An inverse Fourier
transform using a mask to select the contribution from a
chosen structure allows to image the area where this phase
is present, an image comparable to a dark field electron
image. The images presented in Figure 15 correspond to
the inverse Fourier transform of the fcc [111̄] and [002̄]
(Fig. 15c), the twin fcc [111̄] (Fig. 15d) and the hcp [101̄1̄]
(Fig. 15b). These digitally obtained images show clearly
that the stacking in the centre of the cobalt layers is fcc
and has only a few defects, whereas hcp Co or stacking
faults appear in the assumed position of the Mn layers.
Two points are worth mentioning regarding these images.
First, it is difficult to derive whether the hcp Co phase is
located below, above or around the Mn layer, and second,
in some areas a continuity of the fcc phase can be observed
throughout the assumed Mn layer.

5 Discussion and conclusions

The X-ray results show that the samples can be classified
into two groups. For samples with thin Co layers, sam-
ples 1–3, the Co is mostly fcc. These can be described
as having, in average, a stacking fault every 3 planes
(medium α phase) and parts of perfect fcc crystal. For
the thicker samples, two phases exist: an almost perfect
fcc phase, and a highly faulted, though significantly less
in quantity, hcp phase. The crystalline quality of the hcp
part improves with increasing Co thickness (α ∼ 0.85).

The values of α obtained by NMR are closer to 0.5
(random stacking) than the values produced by X-rays.
Nevertheless, taking into account the difference in probing
of the two techniques, these values are in good agreement.
Indeed, the X-ray spectra contain a contribution due to
Mn and Co atoms at the interfaces, whereas for NMR, Mn
and Co atoms are distinct. Additionally, the grain bound-
aries and the non-crystalline grains do not contribute to
the X-ray spectra, while, for NMR spectra, they partly
contribute.

From both techniques, when the Co thickness in-
creases, one can derive the following tendencies: first,
the density of stacking faults in the fcc part decreases,
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(a) (b)

(c) (d)

Fig. 15. Digitally processed images from the sample [Co 6 nm/Mn 0.4 nm]×12. (a) Section A from Figure 14. (b) Inverse FT
using the [101̄1]hcp, hcp phase and stacking fault contribution. (c) Inverse FT using the [111̄]fcc, fcc phase contribution. (d)
Inverse FT using the [111̄]fcc-t, twin fcc phase contribution.

and second, the hcp proportion increases but without a de-
crease in the density of stacking faults. During the growth,
RHEED observations [21] have shown that the lattice pa-
rameter of Co progressively relaxes towards its bulk value
when 7–8 monolayers are deposited. This limit represents
the boundary between samples 3 and 4. Thus for samples
1–3, the Co layer is still strongly strained by the presence
of Mn that has an extrapolated lattice parameter [21] of
0.2088 nm in the fcc phase (0.2035 nm for bulk cobalt).
For samples 4–6, while the main part of the sample re-
mains in the metastable fcc structure, the Co slowly, yet
partially, relaxes towards its stable hcp bulk phase but
still partially.

These results are in agreement with the TEM obser-
vations of sample 6 where strong strain contrast is visible.
Image processing revealed that fcc and hcp stacking co-
exist in the sample, the hcp stacking is often found close
to the Mn layer, while some fcc bridges exist through the
very thin Mn layer. This is expected since, as shown by
NMR, the Mn layer is actually spread over two atomic
planes (discontinuous monolayer). These bridges also ex-
plain the large correlation length of the fcc stacking even
for thin bilayers.

The observations allow to develop a model according
to which the Co fcc phase is stabilised by the Mn, that

acts as an fcc template due to a chemical and pseudo-
morphic mechanism. This is favourable due to the small
energy difference between fcc and hcp structures [37]. Ad-
ditional stabilisation mechanisms can be attributed either
to the small strains that remain in the thicker samples or
to a surfactant effect, when a small amount of Mn floats
at the surface during the growth. Indications of such a
surfactant effect have already been reported in the case of
the growth of Ir/FeMn superlattices [38]. Moreover, man-
ganese is known to stabilise the fcc phase of cobalt, as
the martensitic transformation temperature strongly de-
creases with the Mn concentration [26]. The presence of
Mn at the surface could induce the growth of fcc cobalt,
even away from the Mn interface. This is confirmed ex-
perimentally by the fact that a Mn seed layer yields the
fcc cobalt growth on Ru [21] (on which otherwise it grows
as hcp).

The presence of the Mn at the surface could be re-
lated to a stable ordered alloy phase that would drive the
Mn towards the surface during the subsequent deposition
of the cobalt. A surface reconstruction has been observed
recently on a fcc Co(001) surface [39]. On a sixfold sym-
metry surface (111)fcc, a large step in the in-plane lattice
parameter when depositing the first Mn monolayer on Co
[19,21] was also observed.
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An additional explanation for the fcc cobalt growth
could be found in the effect of the interface on the
chemical potential of a stacking fault, as described by
Redfield and Zangwill [40]. They demonstrate the pos-
sibility of having a chemical potential oscillating around
the bulk value. Considering the small energy difference
between the fcc and hcp phases of cobalt, this interfacial
effect could be of prime importance.

Concluding, we believe that thin manganese layers sta-
bilise the fcc cobalt phase as in the studied multilayers
the cobalt is mostly fcc. Moreover, the perfection of the
fcc stacking increases with the cobalt thickness and the
stacking defects are mainly located at the position ex-
pected for the manganese layer. This apparent contradic-
tion could be explained by assuming that the effect of the
manganese presence on the cobalt growth is a surfactant
and not a bulk effect.

Part of the TEM work has been performed within the frame-
work of IUAP 4/10 of the Belgian government.
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