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Co Dimers Observed by Extended X-Ray Absorption Fine Structure Spectroscopy
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Cobalt was introduced into a silver matrix by ion implantation and observed by extended x-ray absorp-
tion fine structure (EXAFS) spectroscopy. In the range 0.10 0.70 at. % evidence of Co dimers dispersed
in the matrix was found. The dimers are somewhat contracted with respect to the bulk Co nearest neigh-
bor distance and distributed in a chainlike configuration with each dimer at 90± from each other along
opposite square faces of the Ag fcc lattice.
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Clusters of magnetic elements exhibit very exciting
properties in the growing field of the nanostructures.
Magnetic anisotropy, magnetic moment modification, and
superparamagnetic-ferromagnetic transition are just a few
examples of this frontier research [1–8]. We mention
also the giant magnetoresistance effect in Co�Cu and
Co�Ag films [9–11] where Co clusters play a dramatic
role. The confinement of nanoclusters in a matrix and
their evolution under thermal treatment are particularly
important aiming at clarifying different problems such
as [12–15] (i) the shape and size of the cluster; (ii) the
geometrical parameters; (iii) the homo- and heteroatomic
interactions; (iv) the growth mechanism in the matrix as
a function of the annealing temperature, etc. As part of
our present studies on Co clusters in a silver matrix [15],
we report here on the very early stage of the nucleation,
i.e., the dimer formation and configuration which ap-
pear particularly interesting at low cobalt concentration
(0.1 0.7 at. %), in view of the possible ferromagnetic
alignment and enhanced magnetic moment of the Co
atoms, as expected for Co atoms embedded in silver [10].
In fact, for the first time, we find direct experimental
evidence that Co atoms are grouped in dimers at 90±

from each other and disposed in the fcc silver lattice
along opposite and parallel square faces. Cu dimers
were first observed by Montano et al. [16] by extended
x-ray absorption fine structure (EXAFS) spectroscopy.
We adopt the same technique for the geometrical char-
acterization of the Co dimers, distinguishing Co-Co
and Co-Ag first, second, and third coordination-shell
distance, coordination number, and vibrational amplitude.
The matrix used was silver because of its low Debye
temperature (Q

Ag
D � 225 K at low temperature), whereas

Co is a hard metal at least in its bulk form (QCo
D � 440 K
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at low temperature); in addition, the nearest neighbor
distance for silver is larger than for cobalt so that the
silver matrix hosts cobalt atoms in a quasisubstitutional
position in its fcc lattice.

In order to obtain the proper concentration of Co in the
Ag matrix we adopted [17] the following method: on a thin
SiO2 substrate a layer of silver (about 50 nm thick, crys-
talline fcc film) was grown by molecular beam epitaxy;
Co was then introduced by ion implantation at 50 keV
(fluence lower than 1013 atoms�cm2) without breaking the
ultrahigh vacuum. This procedure was repeated 15 times
so as to obtain an optimal signal-to-noise ratio. With
this preparation method the Co depth profile was rather
homogeneous and different concentrations were obtained.
Measurements were performed for several dilutions and re-
peated after some time in order to check for reproducibil-
ity, but here we report our data only for 0.1 and 0.7 at. %
concentration.

The experiment was performed at the GILDA beam line
of the European Synchrotron Radiation Facility (ESRF),
Grenoble, France; experimental details can be found in
Ref. [15]. The as prepared samples were investigated by
EXAFS spectroscopy; x-ray spectra were collected around
the Co K edge (7709 eV), in the range 7500–8700 eV,
in the fluorescence mode using 11 ultrapure Ge detectors
cooled at 77 K. The samples were investigated at different
temperatures, namely, 77, 125, 175, and 225 K.

The normalized fluorescence spectra Ifl�I0 were ana-
lyzed according to a standard procedure [18–20], remov-
ing the background by means of a cubic spline, fitting
the continuous component of the spectrum in the k range
2.5 14 Å21. In Fig. 1, we report the EXAFS oscillations
x�k� for the two samples at 77 K; although there is a factor
of 7 in the relative concentration, the two spectra are very
© 2001 The American Physical Society
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FIG. 1. EXAFS oscillations as a function of the wave vector
k, extracted after the threshold by subtracting the continuous
contribution in the raw spectra. The curves have been vertically
shifted for the sake of clarity; the maximum amplitude of each
curve is between 20.1 and 0.1.

similar demonstrating an identical configuration of the Co
inclusion in the matrix. In Fig. 2 the Fourier transforms
(FT) of the x�k� weighted by k are included. Here, the
peaks correspond to the first Co-Co and/or Co-Ag coordi-
nation shell and to the successive ones as a function of the
distance; reference spectra at 77 K of a Co metal foil and
of Co8 clusters in Ag are also displayed [15]. It is clear
that in a Co metal foil the first four coordination shells are
quite evident; in the diluted Co�Ag samples a higher num-
ber of features are present. From a qualitative comparison
between the FTs, we find (i) a first small peak at the Co-Co
first shell distance; (ii) a main peak at a somewhat larger
distance, not present in the Co metal, which should corre-
spond to the Co-Ag first coordination shell; (iii) a shoulder
aligned at the second Co-Co distance of the metal, plus four
other peaks; this implies that even at 0.1 at. % a single atom
distribution of cobalt dispersed in silver is not observed and
can be excluded since in this case only Co-Ag distances
and coordination numbers should be visible; in contrast,
a long range order and the simultaneous presence of both
atoms in all the shells are evident even though some fea-
tures show a very small intensity; note in fact the splitting
of the first shell in the reference curve obtained for 8-atom
Co clusters in Ag [15], where the Co-Co and Co-Ag first
shell peaks have similar heights. For a quantitative analy-
sis we adopted a fitting procedure on the EXAFS signal,
and on its FT using a very accurate method [21], including
curved wave effects, multiple scattering paths, and inelastic
losses. This fit gives the best values for the unknown pa-
rameters N , R, and s2 [coordination number, distance, and
Debye-Waller (DW) factor of each shell, respectively]. A
preliminary check, by fitting the Co metal spectra, gave ex-
cellent agreement with the parameters known in the litera-
ture. However, for our samples care should be taken in the
fitting procedure since two atoms (Co and Ag) could find
FIG. 2. Fourier transforms of the EXAFS spectra x�k�
weighted by k. The lowest curve is the FT of the Co bulk
crystal; the upper curve the FT of a Co8 cluster. Very clearly
visible is the Co-Co I shell coordination in the diluted samples
corresponding to the analogous main peak of the Co foil and to
the first feature of the cluster, where the distance is somewhat
contracted; the highest peak in the diluted samples corresponds
to the Co-Ag I shell distance. For the sake of clarity the curves
have been shifted and amplified.

a place in each coordination shell with slightly different
distances and therefore with some overlap which should
be disentangled. Taking into account possible constraints,
we performed many analyses whose typical parameters for
the first shell are reported in Table I; a standard analysis
was obtained fixing the same amplitude factor s2

0 as that
obtained for fitting bulk Co, i.e., s2

0 � 0.8; this procedure
gives the smallest x2 fit for a reduced number of atoms
around the Co absorber. In fact, we get 1 Co 1 9 Ag in
the shell, corresponding to some vacancies in the Ag fcc
lattice. This can be a consequence of the high energy ex-
changed during the 50 KeV, room temperature ion implan-
tation, which produces a local damage [22] along the path
of the ion. In Fig. 3 the FT for sample B (0.7 at. %) is re-
ported together with a typical fit obtained by the FEFFIT

code. The agreement between experiment and simula-
tion is very good. A detailed discussion of the signifi-
cance of each parameter will be presented elsewhere, but
we stress that the amplitude reduction factor s2

0 should not
significantly depend on the chemical environment around
the absorber [23] so that it is justified to use the value de-
duced from the fit of bulk Co. At present we pay attention
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TABLE I. Fit parameters of the first shell around a Co absorber obtained by the FEFFIT code, fixing the s2
0 � 0.8 as in bulk Co.

We distinguish the Co-Co and the Co-Ag contributions.

Co-Co Co-Ag
Sample N R (Å) s2 (31024 Å2� N R (Å) s2 (31024 Å2�

0.1% 0.9 6 0.1 2.47 6 0.02 25.0 6 4.0 9.0 6 0.1 2.815 6 0.005 65.0 6 4.0
0.7% 1.0 6 0.1 2.49 6 0.02 23.0 6 4.0 9.0 6 0.1 2.814 6 0.005 60.0 6 4.0
mainly to the cobalt-cobalt coordination in the first shell:
we have shown with high reliability that in any case only
1 6 0.1 cobalt atom is present around the absorber; this
implies the presence of Co dimers; furthermore, we ob-
serve that the Co-Co first shell coordination number does
not change at all for an increase of Co concentration up
to a factor of 7; this means that the Co-Co dimer configu-
ration should be a low energy preferential state in which
the cobalt ensemble is driven by a strong Co-Co interac-
tion. The previous result disproves also the possible pres-
ence of cobalt diffused in the matrix and forming small
clusters with a wide size dispersion; in fact, if a mixing
of monomers and small clusters (dimers, trimers, and so
on), would be present, the average should give a first shell
coordination number rapidly increasing with the atomic
percentage. This is not observed at all. We are there-
fore dealing at both concentrations with an ensemble of
dimers with a larger dimer density when the total amount
of Co goes up to 0.7 at. %. The jump of the raw spectra
at the threshold confirms this point as it increases as the
Co concentration.

Actually, we have established the presence of Co dimers
in the matrix and to our knowledge this is the first ex-
perimental observation by the EXAFS technique. How-
ever, the spectra and their fits give still more information.
We find indeed a Co-Co nearest neighbor distance some-
what contracted with respect to the bulk crystal (2.507 Å),

FIG. 3. Typical FT of the experimental spectrum with the
simulated curve using the fitting procedure and the FEFFIT code
of Ref. [21]. In this fit s2

0 � 0.8; we fit all the shells although
the parameters of the third and the fourth shells are less reliable
because of the multiscattering contributions.
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whereas the Co-Ag I shell distance is at 2.815 Å. Further-
more, the fits give also the second coordination values: we
obtain a Co-Co II shell coordination number of 1.1 6 0.2
at a distance R2 � 3.6 6 0.05 Å, whereas the correspond-
ing Co-Ag coordination is 4.5 6 0.2 at 4.05 6 0.05 Å.
Also the third and fourth coordinations are quite well re-
solved even though the multiscattering contribution gives
a larger uncertainty on the actual value; since the pres-
ence of cobalt in the third shell is well defined, in any case
we can affirm that the third coordination number Co-Co
is 2.0 6 0.5. Taking into account the previous results, we
point out that a small amount of cobalt is contained not
only in the second coordination shell but also in the third
coordination shell. This means that the dimers are not very
distant from each other since in this case we should have
found only silver in the higher coordination shells; on the
contrary the dimers seem to interact mutually so as to bring
the dimers in a particular configuration not allowing for
the Co coalescence (otherwise we would see small clus-
ters) but still with a clear cobalt contribution in the second
and third coordination shells.

Possible dimer configurations in a quasisubstitutional
position in the silver lattice should be hypothesized, cal-
culating the average coordination numbers. A model was
developed calculating for many possible configurations the
average coordination values to be compared with the ex-
perimental ones: the most probable configuration was ob-
tained disposing the dimers along the fcc square faces of
the lattice in the orthogonal direction from each other and
somewhat closer with respect to the ideal substitutional po-
sitions; if we put, e.g., four dimers in this way, on the av-
erage, the first, second, and third coordination seen from
the Co absorber is 1.0, 0.75, and 1.5, respectively; with
six dimers in the previous configuration these figures be-
come 1.0, 0.83, and 1.67. Therefore, we believe that in our
diluted Co samples the EXAFS results give evidence of
such preferential dimer confinement, looking like orthog-
onal sticks separated somewhat less than the silver lattice
distance (4.09 Å).

This geometrical arrangement and its inferred stability
find support in recent Möessbauer studies [8]. The pre-
vious conclusions are corroborated by the analysis per-
formed for the spectra collected at different temperatures
(77, 125, 175, and 225 K). At all temperatures we checked
the self-consistency of the significant physical parameters,
looking also for the variation of the DW factors as a func-
tion of the temperature. The s2 values found for the first
shell (Co-Co and Co-Ag) were quite reliable and are plot-
ted in Fig. 4. For comparison, the s2 value of the Co
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FIG. 4. Debye-Waller factor for the first shell Co-Co and
Co-Ag as a function of the temperature, for sample Co�Ag
0.7 at. %. In the range of the measurements the trend is
linear; the mean square relative displacement shows the higher
hardness of the Co-Co dimer bond with respect to Co-Ag. The
continuous lines are only a guide for the eye.

metal foil was measured (s2 � 27 3 1024 Å2) and the
correspondent Debye temperature was deduced within the
Debye model; we obtained QD � 418 K at 77 K in good
agreement with the literature [24]. We comment on the
increase of the relative vibrational amplitude of the cobalt
dimers as reported in Fig. 4; it appears that the dimers are
mutually bound by a harder bond than with Ag as it is ex-
pected because of the expanded (with respect to the bulk
Co) host lattice of silver which is therefore only weakly
connected with cobalt. This can also explain the near-
est neighbor Co-Co distance which is found almost at the
same value as in the bulk Co, and not so close as in the
Co2 molecule (2.385 Å) [25] because of the pulling forces
of the silver atoms.

In conclusion, we have been able to produce by weak
implantation Co dimer confinement in a quasisubstitutional
position in the fcc Ag lattice. The determination of the
Co-Co and Co-Ag distances has clearly shown the pres-
ence of the dimers interconnected to each other in con-
figurations which very likely appear as short chains. This
can be indicated as the first stage before the growth of
small clusters.

The authors gratefully acknowledge the excellent col-
laboration of the ESRF staff during the experiments.
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