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ABSTRACT

The local electronic structure due to the adsorption of Co on Cu(111) is studied using an embedded cluster model, in which the crystal
background is taken into account via an effective density functional theory (DFT)-based potential. This approach goes beyond the usual
single-impurity Anderson model, where the ground state consists of a singly occupied impurity whose moment is compensated by the background
conduction electrons. Ab initio correlated wave function calculations for the embedded cluster provide an alternative picture for this ground

state and indicate that the quenching of the Co magnetic moment is due to the formation of metal —metal bonds with the Cu substrate.
Low-lying excitations are also studied within the embedding model, and our results are discussed in the context of scanning tunneling
microscopy experiments (Manoharan, H. C.; Lutz, C. P.; Eigler, D. M. Nature 2000, 403, 512), which find a sharp tunneling resonance localized
in the vicinity of the Co adatom.

The coupling between a localized spin and its environment In this Letter, we shall consider the case of a single
is a general problem of fundamental interest and arises in amagnetic adatom adsorbed on a nonmagnetic, metallic
number of physical situations. One important example is the surface, namely, Co on the (111) surface of4&tThis is
well-known “Kondo effect”, which was originally studied one of the first systems where the Kondo effect due to an
in the context of a magnetic impurity atom embedded in a individual spin moment was unambiguously observed at
bulk, nonmagnetic metal. In the Kondo thedithe coupling atomic length scales. Scanning tunneling microscopy (STM)
between the impurity moment and the continuum of conduc- experiments of magnetic, first-row transition metal adatoms
tion states leads to a many-body open-shell singlet groundon noble metal (111) surfaces reveal a narrevd.01 eV
state, with the conduction electron spins aligned to screenwidth) resonance in the density of states ngadocalized
out the impurity moment. Below a temperatufe, the within a range of~10—60 A from the adatom. The sharp
formation of this Kondo ground state is signaled by the resonance af- was taken as a direct signature of the Kondo
appearance of a sharp resonance in the density of states ajround state, localized within the vicinity of the magnetic
the Fermi energyr, whose width is on the order dgTx. adatom. Its line shape can be modeled as a Fano-type
As a result of recent advances in sophisticated experi- interference between two tunneling channels: direct tunnel-
mental techniques to manipulate matter at atomic length ing between the STM tip and the adatom, and tunneling
scales, it is now possible to directly probe the Kondo effect between the STM tip and the conduction states of the
due to individual spin moments. Within the past decade, a substrate, modified by the presence of the adatom.
variety of nanoscale systems have been shown to exhibit st theoretical interpretations of the STM experiments
Kondo-like physics. In the case where the localized moment g far have been made within the framework of a single-
is due to a transition metal d or f electron, the background impurity Anderson modet31617|n the localized moment
of continuum states can be provided by metallic surfaCes  yegime, the mean-field ground state of the Anderson model
or carbon nanotubésSingle-molecule analogues such as gnsists of a singly occupied impurity coupled to a back-
cerocené;® thorocen€, and ytterbocerfehave also been  ground of continuum states, while empty or doubly occupied
studied, in which the f electrons on the rare-earth atoms aréjimpurity states appear in higher-lying excited Slater deter-
believed to be singlet-coupled to planar aromatic ligands. minants. The many-body ground state is typically arrived at
Gated structures involving two metallic electrodes bridged by first mapping this Anderson model onto an effective

by organometallic complexés;? carbon nanotube’$ or Ceo Kondo model via the SchriefferWolff transformation:® a
molecule$* also demonstrate characteristic Kondo behavior procedure which constrains the impurity level to be singly

and offer the possibility of novel spintronic devices which occupied.

exploit Kondo physics. In this work, we report ab initio, correlated many-body

* To whom correspondence may be addressed. E-mail: eac@princeton.eduwave function calculations that provide an alternative view
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of the character of the Kondo resonance. Namely, these AN
calculations suggest that the impurity moment quenching is
due to formation of chemical bonds involving the impurity
d electrons and the s electrons from the nearest-neighbor
atoms of the substrate. We employ a density-based embed-
ding strategy suitable for periodic bulk crystals, which has
been described in detail in earlier pap&r! In short, the
approach begins by partitioning the total system density
into an embedded cluster and backgroungb,. The total
energyE[p] is regarded a&[p] = E[p] + Eu[on] + Eint,
where E, and E; represent the embedded cluster and
background energies, respectivelig, is the cluster-
background interaction energy, defined Bs = E[p] —
Elol] — Eulon].

Sincep = p; + pu, we choose the independent variables
to be p and p;. Assuming the background region is large Figure 1. Periodic DFT supercell geometry (left), and embedded

enough such thadE;/dp ~ 0, variation ofE[p] with re- CoCuw clus_ter (right). The Co atom is shown in qu_e, the embedd_ed

spect top and p; leads to the Euler equations Cu atoms in red, and the background Cu atoms in gold. The slice
planes indicate cuts along which the three-dimensional orbitals are
drawn in Figure 2.

%o ®
P respectively. The total system supercell (Figure 1) consists
OE, of a four-layer, Cu(111) slab with 9 Cu atoms per layer, and
5_;0. + Vemp=10 (2) a bulk lattice parameter of 3.57 A. This value corresponds

to the equilibrium bulk face-centered cubic (fcc) Cu lattice

parameter associated with our Cu pseudopotential. A single
The first equation above can be solved via a standard co atom is placed in a 3-fold fcc hollow site, which is the
application of Kohr-Sham density functional theory (D) minimum energy site. Brillouin zone integrations were
to yield the total crystal density. The second equation performed on a 5 5 x 1 Monkhorst-Packk-point mests
involves just the cluster alone, in the presence of an effective symmetrized to give five irreduciblepoints. The positions
embedding potentialems representing the background. The - of the Co and the top two layers of Cu were allowed to relax

potential vemp is given by vemp = vr, + v3 + vk + Vion, until the magnitudes of all forces acting on these atoms were
where less than 0.05 eV/A. All plane-wave DFT calculations were
performed using the CASTEP coéfe.
o0TJp] 0OTdp] In the opposite regime, we also examine bare clusters of
LT op ®) CoCu, (n = 3, 7) removed from the periodic Co/Cu(111)
slab; i.e., the cluster atom positions are taken from the
8Jp]  ddlpl Co/Cu(111) optimized geometry. The Caoluster consists
V=8 T Top (4) of Co and the three nearest-neighbor Cu atoms of the 3-fold
fcc hollow site, while the CoCucluster includes three
additional Cu atoms from the second layer and one Cu atom
_OEdel_ 9Edpl from the third layer (Figure 1). DFT calculat
Ve = 50 - 5o, (5) rom the third layer (Figure 1). calculations were

performed for these bare clusters using the same LDA
pseudopotentials as those used for bulk Co/Cu(111), within
a supercell where the cluster centers are separated from their
periodic images by-15 A.
The functionalsTs, J, andEy are the usual DFT noninter- In both the bare cluster and bulk cases studied here at the
acting kinetic energy, Hartree, and exchange correlation spin-polarized DFT level, we find a ground state with a net
contributions, respectivelyio" is the ion-electron interac-  magnetic moment of-2 ug localized on the Co adatom
tion due to the background ions. Details on the evaluation (Table 1). While some spin density can be seen on neighbor-
of these terms are given in refs-191. ing Cu atoms in the case of the smallest cluster, Gotis

We begin with a plane-wave DFT calculation for the vanishes in the bulk limit. The bulk picture here is consistent
Co/Cu(111) system, where the plane-wave basis set waswith a mean-field treatment of the Anderson model in the
truncated at a kinetic energy cutoff value of 800 eV. We local moment regime, as opposed to a spin-compensated
use the local spin density approximation (LSDA) of Perdew ground state expected when electron correlations are properly
and Zunger for exchange correlatiiThe Cu and Co atoms  taken into account. This discrepancy can be attributed to the
are modeled using Vanderbilt ultrasoft pseudopoterfials use of approximate exchange-correlation functionals, which
derived from the local density approximation (LDA), with are not guaranteed to capture all important electron correla-
11 and 9 valence electrons for each Cu and Co atom,tion effects.

Vo= v (6)

on
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Table 1. DFT Magnetic Momentsug) for Bare CoCy (n = 3,
7), and the Bulk Co/Cu(111) Slab

Co Cu layer-1 n.n. Cu layer-2 n.n.
bare CoCus 1.76 —-0.28
bare CoCuzy 2.32 0.10 0.12
bulk Co/Cu(111) 2.08 —0.04 0.0

aThe heading “layer-1 n.n.” refers to the nearest-neighbor Cu atoms in
the fcc hollow site upon which the Co adatom resides, and “layer-2 n.n.”
denotes the nearest-neighbor Cu atoms in the layer below.

Ab initio configuration interaction (ClI) electron correlation
calculations for CoCypermit us to go beyond the limitations
of approximate DFT functionals and provide insight into
excited states. All Cl calculations were done within the
MOLCAS program packag®.We utilize Hay-Wadt large-
core pseudopotentials derived from Hartr€®ck theory and
their corresponding optimized basis s€the CI studies
begin with the complete active space, self-consistent field
(CASSCF) method® which is a full CI calculation within
some prespecified orbital subspace (“active space”). For

CoCu, this subspace is spanned by the Co 3d4s and Cu 4s

orbitals, to give 12 valence electrons distributed over 9 active
orbitals, i.e., a CAS(12/9) calculation. The 15 Cu 3d orbitals
are assumed to be doubly occupied (inactive). The active
space for CoCuis chosen similarly, except that two valence
electrons are assumed to doubly occupy an inactive orbital
formed from a totally symmetric combination of all 4s
orbitals, resulting in a CAS(14/9) calculation.

The initial CASSCF calculations are subsequently followed
by multireference singles and doubles CI (MRSD€lp
which all single and double excitations out of some pre-
specified set of reference configurations are included in the
Cl expansion. For CoGuthe optimized orbital basis set is
taken from the preceding CASSCF calculation, and the
resulting configurations whose CI coefficients have a mag-
nitude>0.05 are used as references for the MRSDCI. Again,
the subspace spanned by the Cu 3d orbitals (15 for @oCu
and 35 for CoCy) are frozen, i.e., they are doubly occupied
in all configurations of the Cl expansion, leaving 12 explicitly
correlated electrons for Cogand 16 for CoCu

To model the effect of the periodic crystal, we apply the

Table 2. Low-Lying States of the CoGuClustef

term CAS(12/9) (eV) MRSDCI (eV)
3A;1 (bare) 0.15 0.06
1A, 0.0 0.0
3A; (embedded) 1.20 1.48
1A, 0.0 0.0

aThe upper entries give the bare cluster results relative to the bare cluster
1A; ground state, while the lower entries give the embedded cluster results
relative to the embedded cluste; ground state.

Table 3. Low-Lying States of the CoGuClustef

term CAS(14/9) (eV) MRSDCI (eV)

1E (bare) 0.85 0.65
5E 0.60 0.28
3K 0.08 0.12
3A; 0.05 0.09
3A, 0.0 0.0

1E (embedded) 0.38 0.34
5B 0.19 0.29
3A; 0.17 0.24
1A 0.0 0.0

aThe upper entries give the bare cluster results relative to the bare cluster
A, ground state, while the lower entries give the embedded cluster results
relative to the embedded clust&; ground state.

for Co/Cu(111), angh; = p*¥¢ CASSCF calculations are
then performed for the CoGueluster embedded in thigmp,

to yield an updated cluster densipty, and a total system
densityp' = p' + py. This leads to an updated embedding
potential vemp, and the cycle is repeated until self-
consistency. MRSDCI calculations of the ground and excited
states are subsequently performed for the embedded cluster
using this converged, self-consistent potentigly[o’,01']-

The CI results for the energetics of bare and embedded
CoCuy, clusters are summarized in Tables 2 and 3. The
ground state of bare Cogis a singlet {A;), and we find
that the effect of the embedding increases the singtitlet
splitting by over 1 eV. However, as STM experiments have
measured the Kondo resonance at distances up to 10 A away
from the adatom centéithe CoCy cluster is probably much
too small to provide a good description of the local electronic

embedding approach discussed earlier. Correlations betweerstructure around the Co adatom, and a frozen DFT back-

electrons in the embedded cluster are explicitly treated with
Cl, while the background is described at the DFT level via
the effective embedding potential, of eqs 3-6. In general,
the exact functional dependence of the kinetic endignd
exchange-correlatiorg,. are not known, and thus the
construction ofvemp begins with a choice for the form df
and E,.. We approximate these terms using the Thomas
Fermi 1/9-von Weizsaker functional forTs, and the LDA
form for E,. is chosen for consistency with the plane-wave
DFT calculations. Next, an estimate for the background
density is obtained as = p — p/”@¢ wherep is the DFT
density for the Co/Cu(111) slab, apd®®is the DFT density
for the bare CoCu(n = 3, 7) cluster. This background
densitypy is regarded as fixed in our embedding model.
An initial guess forvemp is Obtained by first evaluating
egs 3-6 with p taken from the plane-wave DFT calculation
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ground is not expected to account for the strong correlations
outside the embedded cluster.

ClI calculations for the larger CoGueveal qualitative
differences from CoCy The bare CoCuground state is a
triplet (Az), and the lowest excitations are purely density
fluctuations in nature; i.e., they have the same spin multiplic-
ity as the ground state. A singletA;) ground state only
emerges when the embedding is included, and the lowest
excitations now involve spin fluctuations, consistent with the
single-impurity Anderson model in the local moment regime.
The singlet-triplet splitting decreases by an order of
magnitude from that seen in embedded CgQGnd it is
reasonable to assume that the singteplet splitting will
continue to decrease as the cluster size increases.

Further insight into the ground state of the embedded
CoCu cluster can be gained by analyzing the structure of
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Table 5. Mulliken Natural Orbital Populations of the
Ground-State CoGUMRSDCI Wave Functiorfs

orbital Co Cu layer-1 n.n. Cu layer-2 n.n.
s (bare) 0.58 1.17 1.10
d 7.96 10.02 10.02
s (embedded) 2.10 0.83 0.69
d 8.13 10.07 10.16

aThe upper entries correspond to the b¥ke cluster, lower entries are
the embeddedA; cluster. The heading “layer-1 n.n.” refers to the nearest-
neighbor Cu atoms in the fcc hollow site upon which the Co adatom resides,
and “layer-2 n.n.” denotes the nearest-neighbor Cu atoms in the layer below.

Figure 2. Embedded CoGucluster natural orbitalg. (left) and for Co/Cu(111) shows a sharp Kondo resonance at about
¥z (right) for the *A; ground state. Only one member of each (0,001 eV above the Fermi leve}, which corresponds to
doubly degenerate pair is shown. The contour slices are taken along, g jing of an electron from the STM tip to the substfate.
the planes shown in Figure 1. Red contour lines indicate regions . - . . .
of positive amplitude, while blue denotes regions of negative Y€ €an gain some insight into this tunneling process by
amplitude. looking at Mulliken populations of the bare and embedded
CoCu cluster, shown in Table 5. While the d-orbital
populations on Co and Cu are relatively unaffected by the
embedding environment, the s-orbital population shifts
toward the Co adatom, polarizing the cluster. The Co s states

Table 4. Multiconfigurational Character of the Embedded
CoCy Cluster Ground-Staté'4;) Wave Functioh

figurati CI weight : : :
e e in the embedded cluster are essentially fully occupied, and
((ple)z(QDIe’)z - 0.43 it is not likely an additional electron will hop onto states
(@10%(@20)? + (016 2e) 0.15 localized on the Co. Thus, it is reasonable to conclude that
(‘ple’)l((ﬂ1e)1(¢72e)1(¢2e')1 0.14

an electron will preferentially tunnel into holelike s states
on the neighboring Cu atoms. This is consistent with the
STM work of ref 15, who made a detailed comparative study
the optimized CASSCF ground-state wave function. The of Co on Cu(111) and Cu(001). From their analysis of the
strongest correlation effects are due to four electrons, Kondo resonance line shape, they also concluded that
distributed over two sets of doubly degenerate orbitals which tunneling onto Co/Cu(111) proceeds primarily into bulk
transform as the e representation of @ point group. We  substrate conduction states, not direct tunneling onto the Co
denote these orbitals &®1e, @16} and{ ¢2e @26}, and their adatom.
contour plots are drawn in Figure 2. It can be seen thatthey In summary, we have developed and investigated a DFT-
are due to hybridization between the Cu atomic s orbitals based embedded cluster model for Co/Cu(111), in which the
and Co atomic d orbitals. The multiconfigurational character crystal background is represented as an effective potential
of the *A; ground state is summarized in Table 4, which acting on the cluster atoms of interest. Ab initio correlated
lists the important configurations present in the Cl expan- wave function calculations for this embedded cluster yield
sion. It is evident that the many-body ground state is a a singlet ground state, consistent with the single-impurity
superposition of both open- and closed-shell configurations. Anderson model in the local moment regime. A careful
Moreover, these configurations can be further analyzed to examination of the many-body wave function reveals that
show that they consist of mixtures of configurations where the Co moment is quenched due to the formation of metal
each Co d orbital is empty, singly occupied, or doubly metal bonds with the neighboring Cu atoms. This is in
occupied, corresponding to the mixed valence regime of the contrast to a mean-field, single-determinant Ket8ham
Anderson model. A conventional treatment of the Anderson DFT approach, which does not yield the correct spin-
model, which assumes a singly occupied impurity (i.e., the compensated ground state. A correlated wave function
local moment regime), provides only a partial picture of the treatment of finite cluster models also fails to produce the
true ground state. Instead, here we find that the quenchingcorrect singlet ground state, which can be attributed to the
of the impurity moment is due to chemical bonds forming absence of an extended conduction band. Our work here
between the Co d orbitals and the nearest-neighbor Cu sprovides an alternative interpretation of the STM data for
orbitals. Kondo impurities on metallic surfaces, which to date has
While the embedding calculations provide a detailed primarily been analyzed within the framework of the
description of the local ground state electronic structure near Anderson model.
the Co adatom, a direct comparison with STM experiments
is more difficult because our approach does not immediately Acknowledgment. We thank Peter Nordlander, Niri

a0Only configurations with Cl weights greater than 0.1 are shown here.

yield a local density of states. The STM differential
conductancelddV spectrum is due to tunneling between the
probe and the substrate, i.e., transitions betweéetectron
and (N £+ 1) electron states. The measurdéddd spectrum
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