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Deep metallic interdiffusion in a model ferromagnetic/molecular system
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Understanding the structure of ferromagnetic/molecular interfaces obtained by the deposition of metal on
a molecular layer is a key parameter to master for the development of molecular spintronic devices. Here we
studied by means of grazing incidence x-ray diffraction and x-ray reflectivity a model Co/C60/Co(0001) system.
Prior to Co deposition, the grown C60 layer is crystallized in a face centered cubic lattice with the presence of
two twins. The Co overlayer, presenting a polycrystalline hexagonal close packed structure with stacking faults,
induces an amorphization of the topmost C60 layers. Most importantly, we observe a deep diffusion of Co atoms
in the octahedral sites of the crystallized C60 film which could strongly affect the spin transport properties of the
molecular layer and thus the magnetoresistance of the final device.
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I. INTRODUCTION

The use of organic molecules in spintronic devices has
attracted a lot of interest in the past years as they combine
the possibility to be tuned at will along with the presence
of light elements presenting potentially long diffusion spin
lifetime [1]. But it quickly appears that the properties of
devices composed of molecular and metallic layers are gov-
erned by the interfaces between the molecules and the metallic
electrodes [2]. Indeed, the molecules are impacting at the
atomic scale the polarization of the hybrid interfaces [3–5]
as well as their magnetic properties [6]. Spin dependent hy-
bridization of the molecular orbitals can be generated [7] and
interfacial magnetoresistance effects can also be created [8].
The raising “spinterface” field mainly focuses on tuning
molecule/ferromagnetic interfaces to induce new function-
alities [9,10] that eventually could be controlled by external
stimuli [11–13].

For the fabrication of organic spin valves and magnetic tun-
nel junctions, a lot of effort have been devoted to control the
growth of the molecular layer [12,14,15] as the deposition of
the second metallic electrode [16,17]. Indeed, the deposition
of metal on soft molecular materials can lead to the formation
of an “ill-defined” layer containing metallic inclusion [18–20]
or metallic filaments [21,22] as well as the formation of new
chemical moeties [23,24], which drastically affect the contact
resistance [25], spin injection, and transport in the device. If
the penetration of metal can be reduced, there are still open
questions concerning the interdiffusion process.

In this work we focus our study on a model crystalline
system composed of Co/C60/Co(0001). We use grazing in-
cidence x-ray diffraction (GIXD), which is a powerful tool
to investigate crystalline systems, to determine the structure
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of a thin layer of C60 molecules grown on a Co(0001) single
crystal before and after Co top deposition. We demonstrate
that the Co deeply penetrates in the C60 crystal and acquires a
periodic organization in the whole molecular crystal that has
never been evidenced yet.

II. METHODS

To grow the Co/C60/Co(0001) samples, the Co(0001)
single crystal was first cleaned under ultrahigh vacuum (UHV)
by sputtering (Ar+ at 900 eV) and annealing (330 ◦C, 1 h)
cycles. The annealing temperature was adapted to avoid the
martensitic phase transition around 420 ◦C [26]. Then the C60

molecules were sublimated from a crucible at a temperature
of 360 ◦C on the Co substrate kept at room temperature.
Finally, the Co overlayer was deposited by electron assisted
deposition. As shown by reflectivity measurements discussed
below, the investigated sample presents a C60 layer thickness
of 170 Å and a Co overlayer thickness of 60 Å, which are
typical layer thicknesses used for organic spin valves [27].

The x-ray scattering experiments were carried out on the
SixS beamline at SOLEIL synchrotron. The UHV end station
is composed of a preparation chamber in which the cleaning
cycles and the C60 deposition were realized and a main
chamber coupled with a (4 + 3)-circle diffractometer where
the Co overlayer was grown. All the measurements were
performed with an incident beam energy of 18.5 keV and a
point detector was used to measure the scattered intensity. All
the results presented in the following refer to the hexagonal
lattice of the Co(0001) substrate (‖�a‖ = ‖�b‖ = 2.5074 Å,
‖�c‖ = 4.0699 Å, α = β = 90◦, γ = 120◦) [28]. For the small
q values (<0.4 Å

−1
), the x-ray reflectivity measurements

are fitted using GenX software [29] based on Parratt algo-
rithm [30].

Structural and energetic calculations have been performed
using the density functional theory (DFT) code in localized
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FIG. 1. Reflectivity curve (black) of the C60/Co(0001) sample
corrected by geometrical factors [36]. For small q values, the fitted
reflectivity curve (blue) is superimposed. For large q values, the
superimposed fitting curve (red) is extracted from our developed
model to reproduce the Laue oscillations (see main text). In the inset
a schematic of the model used, considering N C60 layers (in green)
separated by dC60 and deposited on the Co semi-infinite crystal (in
blue) is presented.

orbital basis set Fireball [31]. Standard minimal basis sets for
C and Co have been used, following a previous study [32]. To
take into account the van der Waals forces in this system, we
have used the so-called LCAO-S2 + vdW approximation to
determine the corresponding energy [33]. This approximation
is based on the evaluation of the small wave function over-
laps between the interacting systems, and the dipole-dipole
interaction for the pure van der Waals interaction between
those systems, both contributions being treated in perturbation
theory. As a result, the sum of these two contributions yields
the cohesion energy of the interacting system. This formal-
ism has already proven to give results in good agreement
with experiments for graphitic materials and molecules on
surfaces [34,35].

III. RESULTS AND DISCUSSION

A. C60 growth on Co(0001)

We first discuss the structural properties of the C60 layer
before discussing their modification by the deposition of the
Co overlayer and the induced diffusion of Co atoms in the
crystallized C60 layer.

Figure 1 presents the reflectivity measurement of the thin
C60 layer grown on Co(0001). For small q values, the signal
quickly decreases. At larger q values, the first and second
order diffraction peaks of the C60 layer—measured at q =
0.775 Å

−1
and q = 1.542 Å

−1
, respectively—are surrounded

by oscillations due to interferences on the different molecular
planes called Laue oscillations. Their shape strongly depends
on the distance (dC60-Co) between the molecular film and the
Co substrate.

For small q values (<0.4 Å
−1

), the reflectivity curve fit
allows us to determine that the C60 film has a thickness of
165 ± 15 Å, considering a rough C60/Co interface (see Fig.
S1 and Table S1 in the Supplemental Material (SM) [37] for
the parameters used). To fit the Laue oscillations, we build

a model that calculates the scattered signal from an average
number of C60 planes (N) separated by a distance dC60 on a
semi-infinite Co substrate (see inset of Fig. 1). The model is
explained in detail in the SM [37]. The asymmetry of Laue os-
cillations is strongly sensitive to the distance between the Co
substrate and the first C60 layer called dC60/Co. Fitting our data,
we extracted an average number of C60 planes of 21, a distance
between C60 planes of 8.154 ± 0.001 Å and a C60/Co distance
of 4.90 ± 0.01 Å (see Table S.2 for all the fitting parame-
ters [37]). Considering the spinterfacial properties, the precise
determination of the dC60/Co distance, as measured here, is of
great importance to further determine the molecule/substrate
hybridization. The interplanar distance obtained is smaller by
0.53% than the (111) reticular distance in the fcc C60 bulk
crystal (8.1973 Å is expected [38]). Comparing the thickness
measured at small q values (165 ± 15 Å) to the model for
larger q (21 × 8.154 = 171 ± 12 Å), we can deduce that
the full C60 layer is well crystallized, which should favor
better transport properties [14,15] while minimizing the Co
penetration [17].

To characterize the structure of the C60 film in the plane
parallel to the substrate surface, we measured (h, k) maps of
the reciprocal space in grazing incidence geometry and scan-
ning tunneling microscopy topographies (see Fig. S.3 [37]).
We thus evidenced that the C60 molecules are arranged in
close packed hexagonal planes presenting a 4 × 4 recon-
struction with respect to Co(0001). This is in agreement
with a crystallization of the C60 molecules in a fcc structure
with a (111) orientation. Indeed, in the dense (111) plane,
the distance between two neighbor molecules is aC60/

√
2 =

10.0396 Å [38], which almost exactly corresponds to four
times the lattice parameter of the hexagonal close packed
(hcp) Co crystal (aCo = 2.5074 Å [28]).

To investigate the out-of-plane structure of the C60 thin
layer, we performed l scans along the (0.25, 0, l), (0.5, 0, l),
and (0.75, 0, l) C60 rods. The measured C60 rods are located
at fractional (h, k) coordinates due to the 4 × 4 periodicity
of the molecular layer in the surface plane. As can be seen
in the Fig. 2(a), several peaks are observed in the l scans.
The representation of the reciprocal space in Fig. 2(b), cor-
responding to a (h, l) plane at a fixed k value of 0, helps to
understand the assignation of each measured peaks. In the
scheme, the gray dots represent the position of the expected
Bragg peaks of the Co(0001) substrate. The C60 thin film
crystallizing in a fcc structure with a (111) orientation, as
experimentally observed, the reciprocal lattice is therefore a
center cubic structure with its [111] direction aligned along
the [0001] Co direction. The C60 layer can adopt two fcc
stackings ABC or CBA, which in the reciprocal space leads
to two series of peaks being symmetric from one another by
a mirror operation with respect to the [111] C60 direction.
The two possible twins are represented in Fig. 2(b) by the
green and blue dots. The common peaks to both twins are
represented by turquoise dots. In the scheme, the directions
of the l scans shown in Fig. 2(a) are represented by the solid
black, red, and blue lines. Comparing to the reciprocal space
scheme, all the peaks measured in the l scan can be assigned
to the fcc C60 structure. Surprisingly, some expected peaks
are missing at the position marked by the blue arrows. This
can be understood by looking at the scattering factor of the
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FIG. 2. (a) l scans along the (0.25, 0, l), (0.5, 0, l), and (0.75,
0, l) C60 rods in black, red, and green, respectively. The blue arrows
indicate the position of extinguished peaks. (b) (h, l) plane scheme
of the reciprocal space with the Co lattice in gray and the C60 lattice
twins in blue and green. The red circles indicate the expected zeros
of the C60 scattering factor. The solid lines represent the position of
the measured C60 rods with the same color code as in (a).

C60 molecule itself, taking into account a random orientation
of the molecules [39], for which zeros are expected at specific
q values (see Fig. S.2 [37]) that are marked by the red dotted
circles in the reciprocal space scheme. It appears that zeros of
the C60 scattering factor are located at the q values of the fcc
extinguished peaks.

To summarize, we can state that the thin C60 layer is well
crystallized in a fcc structure with the presence of two twins
(ABC and CBA stackings) along the (111) orientation.

B. Co overlayer and deep Co diffusion

We then investigated the growth of a Co overlayer on
the molecular thin film. After Co deposition, we measured
the reflectivity curve presented in Fig. 3(a) where a clear
modification of the oscillations is observed. One can see that
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FIG. 3. (a) Experimental reflectivity curve (black) on
Co/C60/Co(0001) sample corrected by geometrical factors [36].
The fitting curves at small q values obtained by GenX program (blue
curve) and at larger q values obtained by our model (red curve)
are superimposed. In the inset, the comparison with the reflectivity
curve prior to the Co overlayer deposition (gray curve) is made. (b) l
scans along the (0.25, 0, l), (0.5, 0, l), and (0.75, 0, l) C60 rods after
the deposition of the Co overlayer (solid lines). The l scans recorded
prior to the Co deposition are indicated by dotted lines.

the position of the C60 diffraction peak is shifted towards
a larger q value, indicating a contraction of the C60 lattice
parameter in the vertical direction. From the fit of the first

part of the curve (q < 0.4 Å
−1

), we deduced the Co overlayer
thickness of 61 ± 6 Å. Upon the Co deposition, the C60

film thickness slightly decreases to 160 ± 15 Å (see Table
S.1 [37]). To fit the Laue oscillations, we allow an exponential
compression of the topmost C60 interplanar distances. By
fitting our data, we extracted an average number of C60

planes of 18 with an interplanar distance of 8.107 ± 0.001 Å
(interplanar distance in the C60 layer and near the bottom
interface). All the fitting parameter values can be found in the
SM [37] (Table S.2) where we also discuss two limit sets of
parameters for our model (Fig. S.4 [37]). From this model, we
can extract a crystallized layer thickness of 136 ± 14 Å, which
is smaller to the C60 thickness obtained by the reflectivity
measurement. This indicates that part of the C60 layer (around
three monolayers) is not crystallized anymore as it does not
contribute to the Laue oscillation signal. In addition to the
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amorphization of the outer C60 layers at the top interface, the
deposition of the Co overlayer induces a contraction of the
interplanar distance of 0.6% in the crystallized C60 layer.
The contraction is even larger for the external C60 planes
with an interplanar distance down to 7.3 Å (strong contraction
of 10% for the topmost layer). Surprisingly, the contraction
gradient quickly decreases to reach a limit interplanar distance
value of 8.107 ± 0.001 Å after three layers. This indicates an
homogenous contraction over the 15 inner crystallized layers
(the crystallized film in contact with the bottom electrode).
For its part, the Co overlayer has a polycrystalline hcp struc-
ture with stacking faults (see Fig. S.5 [37]).

Figure 3(b) presents the l scans measured for three differ-
ent C60 rods after the Co overlayer deposition. Comparing
to the l scans prior to the Co deposition [dotted lines in
Fig. 3(b)], one can see a slight shift of the peaks towards
larger l values, which confirms the contraction of the (111)
interplanar distance in the C60 film. In addition, at the position
of the C60 scattering factor zeros [blue arrows in Fig. 3(b)],
new peaks are present at (0.25, 0, 0.33) and (0.75, 0, 1),
while still no intensity is measured at (0.5, 0, 0.67). This
behavior cannot be explained by the interplanar contraction of
the C60 film. Indeed, the observed q value decrease does not
significantly modify the position of the C60 scattering factor
zeros (see the SM [37]).

One possibility to explain these modifications is to consider
the diffusion of Co atoms into the C60 layer and their stabiliza-
tion into interstitial sites of the fcc C60 structure. We therefore
calculate the structure factor in the two cases in which Co
atoms occupy tetrahedral or octahedral interstitial sites of the
C60 crystal. In the following the structure factor will be written
in the fcc C60 lattice. The three measured C60 rods indexed
(0.25, 0, 0.33), (0.5, 0, 0.67), and (0.75, 0, 1) in the Co lattice
are indexed (2, 0, 0)C60 , (4, 0, 0)C60 , and (6, 0, 0)C60 in the
C60 lattice, respectively. If positioned in the tetrahedral sites,
the Co atoms will give an extra term to the structure factor
equal to αT fCo cos[π

2 (hC60 + kC60 + lC60 )]. While positioned in
a octahedral site, the extra term is αO fCo(−1)(hC60 +kC60 +lC60 ).
αT/O and fCo are the occupation rate in tetrahedral (T ) and
octahedral sites (O) and the Co scattering factor, respectively.
As discussed in the SM [37] (Fig. S.6), one can estimate the
intensity evolution of the three (2, 0, 0)C60 , (4, 0, 0)C60 , and
(6, 0, 0)C60 peaks depending on the insertion site of the Co.
For Co atom in the tetrahedral sites, the intensity of the three
peaks will increase in the same manner. On the contrary, for
Co in the octahedral sites, (2, 0, 0)C60 and (6, 0, 0)C60 peak
intensities will vary similarly while the (4, 0, 0)C60 peak inten-
sity has a slower evolution. Thus only the presence of Co in
the octahedral sites can explain the increase of the (2, 0, 0)C60

and (6, 0, 0)C60 peaks while the (4, 0, 0)C60 is still absent.
More quantitatively, as the intensity of the peaks in the l scans
is proportional to the scattering factor and consequently to
the occupation rate of the interstitial sites, we measured the
ratio between neighbor peak intensities. From this ratio, we
estimate an occupation rate of the octahedral sites (αO) of
14 ± 8% (average value over the crystallized layer).

Ab initio calculations have been performed to simulate
the influence of Co atom insertion in both sites on the
structural and the energetic properties of the C60 crystal.
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FIG. 4. (a) and (b) Unit cell and calculated C60 binding energy as
a function of the C60 fcc lattice parameter for a tetrahedral (a) and an
octahedral (b) sites. The unit cells are oriented along the C60 [111]
direction (C atoms in gray and Co atoms in blue). The calculations
are done with (red curves) and without (black curves) a Co atom
inside the sites.

To do so, we have considered two different unit cells. To
describe the tetrahedral site, the first cell is composed of four
C60 molecules positioned at the extremities of an equilateral
tetrahedron with a cobalt atom in the center [Fig. 4(a)]. To
describe the octahedral site, the second cell is composed of
six C60 molecules centered on the faces of a cube with a
cobalt atom in its center [Fig. 4(b)]. We have then varied
the intermolecular distances, leaving the cobalt atom in the
center of the cell, and calculated the corresponding energy.
This variation has then been compared to the same calcu-
lations without cobalt atom in the center of the sites. As
can be seen in Fig. 4, inserting a Co atom in the octahedral
(tetrahedral) site leads to a compression (expansion) of the
C60 cell. Thus the measured compression is explained by the
deep diffusion of Co in the octahedral sites in the whole
Co layer. Considering a homogenous compression of the fcc
C60 cell, the ab initio calculation gives a volume decrease
of 7.7%. Supposing that the contraction determined from
the reflectivity fitting is only due to the insertion of the Co
atoms in the octahedral sites we can estimate an occupation
rate αO for the topmost layers that are strongly compressed
and for the inner layers that are undergoing a homogenous
compression. The compression of the first topmost layer leads
to the full saturation of the octahedral sites (i.e., all of them
are occupied by Co atoms), while an occupation rate of 50% is
found for the second topmost layer. Experimentally, the limit
compression measured is 0.6%, from which we can estimate
an occupation rate αO of 8% in good agreement with the
value found experimentally. Surprisingly our data indicated
that the Co atoms diffuse deeply in the C60 layer with an
homogenous distribution. Indeed, as discussed in the SM [37]
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(Fig. S.4), the possibility that the Co atom concentration is
strong in the topmost layers but that their diffusion until the
bottom interface is prevented is not in agreement with the
experimental data. The estimated occupation rate corresponds
to an average distance between two Co atoms of 120 Å, which
is much smaller than the reported spin diffusion length for the
C60 [40]. Thus the presence of Co will have a strong influence
on the spin dependent transport in the C60 layer.

IV. CONCLUSIONS

To summarize, we characterized the structure of both spin-
terfaces of a model Co/C60/Co(0001) system. We show the
possibility to grow on Co(0001) well crystallized C60 thin
films that are having fcc structure. Two twins are observed
revealing the presence of both ABC and CBA stackings. At
the bottom interface, the distance between the Co and the
C60 is precisely determined. The growth of a Co overlayer,

which presents a hcp structure with stacking faults, strongly
affects the C60 films as the outer layers become amorphous.
More importantly, we show the deep diffusion of atomic
Co in the octahedral sites of the whole C60 crystal with at
least around 10% of occupied sites. The presence of Co in
the molecular layer can have a strong influence on the spin
dependent transport of electrons in the layer.
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