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Cobalt impurities on noble-metal surfaces
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First-principles calculations, based on the local-spin-density approximation, are performed for cobalt atoms
deposited on noble-metal surfaces. The local density of states at the cobalt site shows a narrow peak at the
Fermi energy, which is of minority spin ardi character. Thel orbital of m=0 symmetry, which must be
mostly responsible for tunneling conductance from this surface site, makes a substantial contribEtion at
Due to hybridization the same peak also appears, but reduced, at neighbor atoms. This result can be used for
the interpretation of recent cryogenic scanning tunneling microscopy experif®0is3-182809)02113-X]

The local electronic structure of an isolated magneticrepresented by using repeated slabs, thus forming a system
atom in a nonmagnetic host has been a subject of interest favhich is periodic in three dimensions, the succesive slabs
over 30 years. It is usually referred to as the Kondo problembeing separated by enough empty space so that they do not
and the theoretical interpretation of the data is that the locahteract with each other. The larger the unit cell in the lateral
spin of the magnetic impurity is screened by the host metatlirection the more dilute the alloy can be, and therefore the
electrons giving rise to a many-body ground sfattowever,  closer the calculation to the experimental set up, where Co
only very recently have there been indirect measurements @ftoms are separated by 6 A or more.
this local electronic structure, on a surface, using a scanning We have performed calculations for systems with up to
tunneling microscop&STM).2 The system studied has iso- four atoms per layer and up to seven layers in the unit cell,
lated cobalt atoms deposited onto #fid 1) face of a clean separated by the same width of empty space. We use the
gold crystal at 4 K. These experiments show that the tunneIEN97 code? which is an implementation of the linearized
ing conductance has a very narrow feat(t® me\) that augmented plane-wave method, based on density-functional
appears only when the tip is over the Co atom and decreas#iseory. The local-spin-density approximatiGrSDA) for ex-
to zero within a radius of less than 10 A from it. It is change and correlation as given by Perdew and Wasg
therefore interesting to perform an electronic structure calcuused and scalar-relativistic effects are included in the calcu-
lation specially designed to reproduce as closely as possiblations.
the experimental situation. Several systems have been studied, all of them containing

We show in this paper that the local densities of state€Co atoms, either adsorbed or embedded in Au and Ag slabs.
obtained fromab initio calculations using the local-spin- We show here the results for one calculation of that type, that
density approximatiodLSDA) also have a very strong fea- attempts to represent as closely as possible the experimental
ture at the Fermi energy. A large peak appears in the locagetup of Ref. 2. The unit cell has five layers of Au atoms,
density of states of the adsorbed Co atomgl aharacter and  with three atoms in each layer. One Co atom is located on
minority spin, that is due to the reduced number of neighborgach side of the slab at one of the hollow sites of thélAd)
of the adsorbed atom and by hybridization it also shows uglab structure forming a/3x /3 adsorbed layer. The Co
in the local densities of states of neighboring Au atoms. Theposition is relaxed in the direction perpendicular to the sur-
width of the Co minorityd band is about 400 meV but the face, giving a nearest-neighbor Co-Au distance of 2.42 A.
peak atE; is an order of magnitude narrower, of the order of The distance between Co and Ag) atoms, optimized for
the precision ofb initio calculations, and could be related to different crystal structures containing these atoms, is always
the feature seen by the STM experiments. very close to the average between Co-Co and AutAg-

To attempt a band-structure study of a system with impuAg) distances in their corresponding equilibrium structures.
rities one has two possibilities: to start from a disorderedHowever, when relaxing the position of an adsorbed atom in
alloy, treated with an approximate method such as the cohes system with a large unit cell, so that it is almost isolated, it
ent potential approximation, and eventually let the impurityends up being about 10% closer to the substrate. The dis-
concentration go to zero, as in Ref. 3, or to use periodidance between adsorbed Co atoms is 4.98 A, quite close to
systems with increasingly large unit cells as for example inthe experimental 6 A. For this calculation we used a muffin-
Ref. 4. We have chosen this last procedure, for simplicitytin radius of 2.2 a.u. for both metals and 60@oints in the
and also to avoid further approximations. The surfaces ar8rillouin zone. We have proved for systems with smaller
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FIG. 2. Same as Fig.(d) but enlarged aroun&;. The dotted
curve is thed partial density of states witm=0 symmetry.
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nearly isolated adsorbed atoms of Co in the surface is there a
narrow and very strong peak in the energy range covered by
the recent experimental resuft§,1 eV on either side dE; .
The symmetry of this peak is of mixaticharacter, contain-
ing contributions of the differend orbitals. However, the
FIG. 1. Local minority-spin densities of states for Co adsorbedorbital with m=0, which is assumed to contribute most to
on the (111) Au surface. Energies are in eV and referred to thethe STM imagée! is included there and its partial density of
Fermi energy(a) at the Co atom(b) at the Au atom, nearest neigh- states is peaked at the Fermi energy, as can be seen in Fig. 2.
bor to the Co atom(c) at the Au atom, second-nearest neighbor of  For Co-Cu superlattices similar results have been shown
Co. in previous calculation¥? but in that case the peaks are not
so narrow as the hybridization is larger, due to the proximity

. o of Co and Cu 8 bands and also to the similar nearest-
unit cells that the relevant features of the densities of state§,ieighbor distances in bulk Cu and Co. For these reasons one

such as width and position of the peaks with respect o thg,qid not expect a similar experimental result for Co impu-
Fermi energy, do not significantly change with increasingyities on a Cu surface.
number of plane waves. We therefore use in this calculation gqr the interpretation of STM experiments it is usually
RKmax= 7, which gives matrices of size 1900 to be diagonal-assumed that the conductartédV is directly proportional
ized. to the local densities of states . However, it has been recently
Figure 1 shows the local densities of states of minoritysuggested that the tunneling conductance may be itself
spin at the Co site and at the Au atoms in the surface and ivalculated-*!* for instance using the Kubo formula, in the
the first underlayer. These are computed by means of theame way as the CPRonductance perpendicular to the
modified tetrahedron methbavith an energy mesh of 0.001 plane for multilayers. These authors noted that in cases
Ry. Plots similar to these were obtained for slabs grown irnwhere localized state§mpurities, surface states, interface
the (001) direction and for Ag atoms instead of Au atoms. states, quantum-well states, ¢tappear atE;, the depen-
Complete adsorbed layers and superlattices of repeated lagence with the density of states is more complicated.
ers of Co and Auor Ag) have also been studied. In all the  In the system under study, as téandwidth of the ad-
cases Co atoms have the majority-band completely filled angorbed atoms is of competing magnitude with the value of
when they are on the surface the local magnetic moment ithe screened Coulomb interaction fod 3netals, we are in
higher than in the bulk, between 1.7 and 2¢0 while it  the limit for an LSDA calculation. In it, the electronic cor-
decreases to about 4 when they are impurities embedded relation is considered only in a mean-field approximation,
in the nonmagnetic bulk. These results agree with previougnd a better consideration of this effect would produce a
calculation€=° Due to the large magnetic moment, and in further narrowing of the band &;. However, we believe
order to preserve the number dfelectrons, the minoritgl  that the partial densities of states of adsorbed Co atoms on
band must contain the Fermi energy and due to the smathe Au (111) surface, in the LSDA approximation, which
hybridization with Ag or Au it should be narrow. For ad- show a narrow peak d&; of minority spin andd character,
sorbed atoms there are two further narrowing effects, one igive the basic information for the interpretation of the STM
the smaller number of neighbors at the surfaces, the other feature experimentally observed.
of symmetry character, as the crystal field changes in this
case with respect to the bulk, leaving tine= 0 orbitals really We acknowledge financial support from Coni¢atgen-
on top of E;. Our main point is that only when there are tina) and CNRS(France.
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