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XANES investigation of the local structure of Co nanoclusters embedded in Ag
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lon-implanted cobalt atoms into a silver matrix with a layer thickness of about 20 nm were studied by x-ray
absorption near-edge spectroscdANES) at the CoK edge. Full multiple scatteringb initio calculations
of Co XANES at theK edge provide a phase fingerprint to distinguish the Co structure of samples prepared at
different doses and annealing temperatures. The bcc Co phase is formed for the as-prepared sample with 6
at. % and the fcc Co phase is formed at the expense of the bcc phase for the sample with 12 at. % after
annealing at 400 °C.
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[. INTRODUCTION perimental data in an excellent way, enabling us to identify
the phases and their evolution.

Bulk Co has a hcp crystal structure at room temperature, The embedded Co clusters were formed by ion implanta-
and transforms to fcc above 425 °C. In rare cases the uncontion. Silver was chosen as a host matrix since Co is immis-
mon bcc phase can be fouh@Other possible forms such as cible with Ag and tends to occupy substitutional sites or
truncated octahedral, icosahedra or chainlike agglomerategygregate in the host Ag matrix lattice. The thermal anneal-
have been reportett® Clusters of Co embedded in Ag, how- ing procedure was used to study the Co cluster phase transi-
ever, generally show a fcc structdt€ontrary to these find- tion.
ings, using x-ray absorption near edge structi¢ANES),
assisted with a full multiple scatterin1S) ab initio calcu-

lation of the CoK-edge spectra, we identified a bcc phase in Il. EXPERIMENT
samples prepared by ion implantation of cobalt atoms into a
silver matrix with a layer thickness of about 20 nm. Four silver polycrystalline foils were used as substrates,

Effects such as the giant magnetoresistance in Co/Cu arwlith a thickness of 6Qum and a purity of 99.99%. Before
Col/Ag films'® and the increase of the magnetic moment peiion implantation the samples were annealed in a hydrogen
aton? are known to depend dramatically on the shape, th@tmosphere at 800 °C. The Co ions were implanted in the
size, and the phase of the clusters. Therefore the precise cosubstrate at room temperature (20 °C) by the mass separator
finement of the nanoclusters in a matrix and their evolutionn the Shanghai Institute of Nuclear Research. The energy for
under a thermal treatment are crucial to the overall propertiethe Co ions was 70 keV, corresponding to a mean range of 20
of the granular films. However, the determination of thenm calculated by TRIMtransport and range of ions through
structure of Co clusters formed by ion implantation is gen-mattey. The doses of 1.810' and 3x10' atoms cm 2
erally hindered by the small quantity of Co atoms containedvere chosen for two pairs of samples. Their corresponding
in the matrix and by other special reasons such as the nearbpncentrations in Ag are about 6% and 12%. Two samples
identical hyperfine fields of Co in the hexagonal and thewith two different doses were annealed in a hydrogen atmo-
cubic formst®!! |t is, for instance, not a trivial task to de- sphere at a pressure ok4.0* Pa at 400 °C.
termine the phase by Mebauer spectroscopy and /or by XANES spectra at the C& edge were measured in the
NMR for nonhomogeneous Co clusters. Since the coordinafuorescence mode by using synchrotron radiation with a
tion numbers of the first and second shells of Co hcp and fcS8i(111) double crystal monochromator at the beam line
structures are quite similar, and since ion implantation of C&{W1B of the Beijing Synchrotron Radiation Facility
in Ag produces very small clusters embedded in a shalloWBSRP. The storage ring worked at a typical energy of 2.2
region, the application of an extended x-ray absorption fing&seV with an electron current of about 100 mA. To suppress
structure analysis is also very cumbersome. Therefore, wihe unwanted higher harmonics, a detuning of 30% was per-
need a more accurate method to distinguish the different posermed between the two silicon crystals. The incident and
sible phases. In this work we demonstrate that useful strumutput beam intensities were monitored and recorded using
tural information on such nanoclusters can be extracted bionization chambers filled by argon gas and a 25% argon-
XANES.*? Lacking reference spectra from rare atomic ar-doped nitrogen mixture. The spectra were scanned in the
rangements such as the bcc phase of Co, we used insteadamge of 7.5-7.9 keV with steps of 0.5 eV and an energy
full MS ab initio calculation to generate them. We found thatresolution of 1.5 eV. Common background subtraction was
the difference between different structures is sensitively reemployed in the data reduction and the data were normalized
produced and that the theoretical calculation matches the exand calibrated to the edge of Co metal foil.
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FIG. 1. XANES spectra at the Cid edge for the metallic Co

foil (@), as-implanted and annealed CoAg samilés-(e)], the FIG. 2. XANES spectrum at the G¢ edge for the metallic Co
dose (at/crf) and annealing temperature (°C) are indicated in eachoj| (b) and a simulated spectrum by the full MS theday.
curve.
of taking the orbitals of th&+1 atom and constructing the
charge density by using the excited electronic configuration
Co K edge XANES spectra have been simulated via theof the photoabsorber with the core electron promoted to a
full MS theory®® In dealing with the x-ray absorption pro- valence orbital. The calculated spectra are further convoluted
cess one is faced with two fundamental problems, namelyith a Lorentzian shaped function with a full width 2.8 eV
(@) a reduction of the inherent many-body problem to the(Ref. 20 to account for the core hole lifetime and the experi-
simpler scenario of one electron moving in an effective op-mental resolution. We have chosen the muffin-tin radii ac-
tical potential, andb) a full description of all orders of the cording to the Norman criterioff,and allowed a 7% overlap
MS events that the excited photoelectron undergoes in itbetween contiguous spheres to simulate the atomic fond.
way in the system, since the perturbation expansion of the
MS problem might not converge. A pos;ible solution to these IV. RESULTS AND DISCUSSION
problems has been describ¥dboth with respect to the
choice of the optical potential and to the treatment of MSto The near-edge fine structures of tKeedge absorption
all orders of the perturbation theoffull MS). Actually, the  spectra are the fingerprints of the local geometry around the
striking success of the MS approach in dealing with the amabsorbing atom, since it is driven by multiple correlation
plitude and phase problem of the fine structure oscillations ifiunctions beyond the mere pair one. Figure 1 presents the Co
the absorption spectramakes one confident that this ap- K-edge XANES spectra, arranged from top to bottom as a
proach may also be extended to more complicatedunction of different preparation and conditi¢ire., dose and
materialst® annealing temperatureAlso shown in Fig. 1 is the Co
The construction of the charge density and potential fol-K-edge spectrum of pure hcp Co metal, which is in good
low the same patterns as Ref. 13. We use the Mattheissgreement with other published wdtlEor convenience, all
prescriptiort’ to construct the cluster density. The Coulomb spectra are scaled so that the intensity of the main feature is
part of the potential is obtained by a superposition of neutrathe same in each spectrum. All these spectra display four
atomic charge densities taken from the Clementi-Roettimain features denoted by A, B, C, and D in order of increas-
tables!® For the exchange-correlation part of the potentialing photon energy. Several variations in these spectra are
we have used the optical Hedin-Lundqvist poteritidh or-  monitored, such as the relative intensity of peaks B and C
der to simulate the charge relaxation around the core hole iand the separation between peaks B and D. All these changes
the photoabsorber of atomic numb&r(Co=27) we select in the spectra could be interpreted in terms of the first-shell
the Z+ 1 approximation(final state rulg'*'°which consists and the next-nearest local structure around the photoab-

IIl. CALCULATION DETAILS
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FIG. 3. XANES spectrum at the ¢ edge for the as-implanted
sample with a dose of 12610 at/cn? (b) and a simulated spec- FIG. 4. XANES spectrum at the Q¢ edge for the sample with
trum by the full MS theory(a). a dose of 3.6 10'® at/cnt after annealing at 400 °®) and a simu-
lated spectrum by the full MS theoi).

sorber, due to the different multiple scattering processes.

The experimental C&-edge XANES spectrum of pure achieved, demonstrating that the phase transformed from a
hep Co foil is compared in Fig. 2 with theb initio calcu-  hcp to a bee structure. .
lated XANES using full MS theory with a relaxed final-state I Fig. 4 we show the experimental XANES data of the
potential for a finite large cluster which contains 195 atomssample implanted with 3X010' atomscm? after anneal-
within a radius of 8 A from the central Co atom. The hex-ing at 400 °C. It was found that the spectral behavior signifi-
agonally close-packed Co atom, surrounded by two neare§@ntly deviated from the previous twitypical hcp and bee
neighbors (6 6) at 2.497 and 2.507 A, respectively, shows fingerprintg, not only for the relative intensity of peaks B
two transition peaks with an energy separation of about 3f"d C but also for the energy separation of the B and D
eV between peaks B and D. The agreement between t atures(about 33 eV. A theoretical MS calculation using a

: : : fcc crystalline structurél2 nearest neighbors at 2.50 A
heor ing th r h r llin =0 . .
theory using the pure Co hcp crystalline data and experlmenWIth a 201-atom cluster resembles the experimental data, in-

tal (_Jlata Is quite QOOd' Features A, B, C, and D can also bEziicating that in this case a transformation from an hcp to a
assigned unambiguously to one-electron excitations. Thesf%c-like phase takes place

states are due to multiple-scattering resonances g fhieo- The samples prepared in the intermediate conditions, as

toele_ctron in the continuum, e, the maxima of the IocalshoWn in Fig. Ucurves(c) and(d)], presumably contain two
density of states at the Co site pftype selected by the o three different phase structures. It is known that the phase
dipole selection rule4l==1). as well as its siZ€ of particles embedded in a matrix nor-

In Fig. 3 we present the experimental data of the samplenally depend on the annealing temperature and on the im-
as implanted with 1.5 10™°atoms cm?, along with the MS  planted dose. Therefore, for the samples prepared under in-
calculation using a bcce cluster containing 181 atoms within @ermediate conditions the phase transformation probably did
8-A sphere. In this structural phase, the central atom is sumot take place completely. In those samples it is possible to
rounded by two subshells, eight atoms at 2.46 A and six aform a mixed phase of bcc and fec.

2.84 A respectively. The spectrum is very clearly different For the annealed samples the fcc and hep Co phase struc-
from that of the standard Co hcp foil as shown in Fig. 1tures were also found by other researchéisyt with differ-
[curve ()] and/or in Fig. 2. We found a different energy ent preparation conditions, such as sputtering. Comparing
separation between peaks B and D which is now about 8 eWith those studies, in the implanted samples a lot of vacan-
smaller than in Fig. 2. However, a very good agreement beeies could be produced, leading to a migration enhancement
tween the experimental and theoretical spectra has beef Co atoms in Ag. Consequently the grain growth in those
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samples would be faster than in the ones prepared by other V. CONCLUSION

methods. . . .
For the as-prepared samples, the phase structure of the The bcec Co phase was formed in the as-implanted Ag foil

. ; o with 6-at. % Co and the fcc phase was formed at the expense
grains formed at an early stage is very difficult to be deter- . . 0 .
mined by TEM due to its small size, being less than 2 nm forof the bcc phase in the sample with 12 at. % after annealing

6% Co in Ag?® Therefore no satisfactory report about that at 400°C, based an the comparison hetween the experimen-

has appeared so far. It was, however, found that a bcc CI@I results and a theoretical simulation.

phase was stabilized in rf-sputtered Co/Fe multila¥éss a

Co layer thi_cknesg lower than 2 nm and a bcc—lil_<e crystalline ACKNOWLEDGMENTS
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