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Local spectroscopy of a Kondo impurity: Co on Au„111…
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We present a detailed study of the local electronic properties of the Kondo system formed from cobalt
adatoms deposited onto Au~111! at a temperature of 6.6 K. Cryogenic scanning-tunneling spectroscopy was
used to observe impurity-induced resonances at the Fermi energy and at the Au~111! surface-state band edge.
The line shape of the Fermi-energy resonance, identified as a Kondo resonance, is observed to vary with lateral
position from the impurity center and with impurity binding position on the reconstructed Au~111! surface.
Little vertical dependence is seen in the resonance line shape for positions above the center of the impurity.
Interaction effects between Kondo impurities are observed to remain small as cobalt coverage is increased up
to 1 ML on the gold surface. The Kondo resonance is shown theoretically to be a member of a general class of
Fano resonances arising from the interaction of a discrete impurity state with a conduction-electron continuum.
The asymmetric line shape of the resonance thus reflects quantum interference between thed orbital and
continuum conduction electron channels, as well as their coupling to the STM tip.
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I. INTRODUCTION

The coupling between spin and electronic degrees of f
dom in condensed-matter systems leads to a variety of
nomena, some of which have useful technological appl
tions. Examples are giant and colossal magnetoresistan1,2

spin-polarized tunneling,3,4 and the Kondo effect.5 The
Kondo effect occurs in magnetic structures at the ato
scale, and typically arises from spin-flip scattering betwee
single magnetic atom and the electrons of a metal host. T
interaction causes a correlated screening cloud to f
around the impurity atom, leading to anomalous behavio
the resistivity, specific heat, and magnetic susceptibility
dilute magnetic alloys.5,6 While most measurements o
Kondo alloys have involved macroscopic averages, Kon
impurities are extremely local perturbations to a solid. F
experimental studies have been performed that directly pr
the local properties of these strongly interacting impuriti
This paper focuses on a scanning-tunneling-microsc
~STM! study of individual cobalt adatoms and is aimed
forming a better understanding of the local electronic pr
erties of Kondo impurities.

Tunneling experiments have been used extensively
study the density of states~DOS! of Kondo systems, particu
larly the formation of the Kondo resonance at temperatu
below the Kondo temperatureTK . Most of these studies
have involved macroscopic metal-insulator-metal junctio
doped with magnetic atoms,7 although crossed-wire
experiments8 and ‘‘nanobridge’’ techniques have also be
used.9 Recently, STM has been used to probe we
characterized, individual Kondo impurities at surfaces.10–13

The first STM studies of magnetic atoms involved syste
with very low Kondo temperatures, such as Fe adatoms
Pt,14 W,15 and Nb ~Ref. 16! surfaces. These experimen
showed signs of magneticd states and Cooper-pair destru
0163-1829/2001/64~16!/165412~11!/$20.00 64 1654
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tion ~for superconducting substrates!, but no signs of the
Kondo resonance, ostensibly because the experimental
perature was greater thanTK . Cryogenic STM experiments
performed on impurity systems with higher Kondo tempe
tures~such as Co adatoms on Au10 and Cu12 surfaces, as well
as Ce adatoms on Ag11! have recently been successful
observing the Kondo resonance for individual magnetic
oms. Interactions between Kondo impurities have also b
studied recently using atomic manipulation.17

Here we discuss a study of the Kondo system form
from individual cobalt atoms deposited onto a Au~111! sub-
strate at a temperature of 6 K. Some results have been
lished on this system already,10 but here we provide a more
in-depth presentation of experimental results and of our t
oretical understanding of the impurity behavior. In summa
we have performed local spectroscopic measurements to
vestigate the electronic structure of this surface Kondo s
tem over the energy range61 eV aroundEF . We find reso-
nances in the electronic structure at ‘‘high energy’’~20.4 eV
from EF! and at ‘‘low energy’’~0.010 eV fromEF! for indi-
vidual cobalt atoms. We believe these resonances arise
a combination of an impurity-induced defect state and
Kondo resonance. The line shape of the Kondo resona
was observed to depend on the lateral position of the S
tip with respect to an impurity atom’s center, but the lin
shape was not observed to vary significantly with the verti
position of the tip. The Au~111! surface reconstruction wa
observed to have a pronounced effect on Kondo impu
behavior, as seen by positioning cobalt atoms in differ
regions of the reconstruction unit cell. Interaction betwe
cobalt impurity atoms was studied by obtaining STM spec
at different cobalt surface coverages. Some disappearan
the Kondo resonance was observed, which we attribute
cobalt-cobalt clustering, but the line shape and magnit
remained essentially unchanged for those atoms displa
©2001 The American Physical Society12-1
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the Kondo resonance. This implies that long-range inter
tions between cobalt atoms are weak.

In order to better understand the experimentally obser
impurity behavior, we have calculated the expected tun
current into a single Kondo impurity from an STM tip. Th
calculation uses the Anderson model18 and the transfer-
Hamiltonian-tunneling formalism,19 and reproduces the
asymmetric line shape observed in our spectroscopic m
surements. The Kondo resonance is seen to manifest itse
a type of Fano resonance20 involving quantum interference
betweend orbitals and conduction-electron-tunneling cha
nels. While several theoretical treatments are now publis
on this topic,10,11,21–24here we lay special emphasis on t
similarity between the tunneling configuration and Fan
original treatment of resonance spectroscopy. Comparis
between impurity calculations and experimental results
used to help clarify the interaction between impur
d-orbital and conduction-electron degrees of freedom for
atoms on gold.

In Sec. II we discuss~a! experimental details,~b! impurity
spectra including STM tip-height dependence,~c! cobalt sur-
face site and lateral spatial dependence of spectra, as we
the ~d! coverage dependence of the spectra. In Sec. III
present~a! an overview of impurity electronic structure,~b! a
discussion of noninteracting impurities and the Fano re
nance, ~c! a discussion of interacting impurities and th
Kondo resonance, and a discussion of~d! impurity/tip cou-
pling and ~e! density-dependent interaction effects. Sect
IV contains a summary.

II. EXPERIMENTAL RESULTS

A. STM and substrate

The experiments described here were performed usin
home-built cryogenic STM (T56 K) in ultrahigh vacuum.
Clean gold surfaces were prepared by putting single-cry
Au~111! substrates through cycles of argon sputtering a
annealing. Surfaces prepared in this way were transferre
UHV to the low-temperature STM. Cobalt adsorbate ato
~adatoms! were deposited onto the low-temperature surfa
through line-of-sight e-beam evaporation. STM tunneli
spectra (dI/dV) were measured by placing a 200–500 Hz
modulation signal~with rms amplitude in the range of 1–1
mV! onto the tunnel bias voltage and then using lock-in
tection of the resulting ac tunnel current.dI/dV spectra were
obtained under open feedback loop conditions to keep
STM tip stable.

Gold provides a useful substrate for these studies bec
it is known to yield a high Kondo temperature for coba
impurities in the bulk25–27~TK between 300–700 K! and at a
surface28 (TK'19 K). In order to observe the fully deve
oped Kondo resonance, the experimental temperature~6 K!
must be less thanTK . The Au~111! surface, however, is no
a structureless metallic background. Au~111! displays a com-
plex, long-range atomic reconstruction, as well as a delo
ized two-dimensional electronic surface state. This rec
struction is known as the ‘‘herringbone’’ reconstruction a
has a 223) symmetry that divides the surface into hc
~hexagonal-close-packed! and fcc ~face-centered-cubic! do-
16541
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mains separated by ‘‘soliton’’ walls.29 The Shockley surface
state that coexists with this reconstruction provides a ba
ground two-dimensional electron band that crossesEF .30

B. Impurity spectra and vertical dependence

Figure 1 shows adI/dV spectrum measured while hold
ing the STM tip over a single cobalt atom on Au~111!, as
well as a spectrum measured with the same tip over an
jacent bare gold region~the center of the cobalt atom is lo
cated at least 15 Å from the center of a herringbone dom
wall!. As experimental controls, spectra are also shown
were measured with the tip held on and off a single adsor
copper atom on Au~111! and on a point-defect at the ‘‘el
bow’’ of the Au reconstruction. The spectra measured o
bare gold correspond to a convolution of the electronic str
ture of the Au~111! surface and the STM tip over the energ
range61 eV aroundEF .31 Small features in the bare-gol
spectra arise from a combination of tip-electronic struct
and surface-electronic structure due to quantum interfere
of two-dimensional surface-state electrons scattering fr
random surface structures. The dominant feature in the b
Au spectra is the sharp dropoff~for descending voltages!
labeled ‘‘A.’’ This point marks the Au~111! surface-state band
edge and lies at an energy 460 mV belowEF ~as measured
from the start of the downward transition!. The influence of
the herringbone reconstruction on this spectrum has b
studied previously.32,33

When the STM tip is placed over a cobalt atom, t
dI/dV spectrum changes markedly. The structure seen in

FIG. 1. dI/dV spectra obtained with the STM tip held over
single Co adatom on Au~111!, a single Cu adatom on Au~111!, and
a single Au~111! point defect. A bare Au~111! spectrum measured
with the same tip is shown in each case as a reference~each pair of
spectra were measured with a different tip!. ‘‘ A’’ marks the surface-
state band edge while ‘‘B’’ marks the location of the band-edg
resonance induced in each case. Only the Co adatom induces
mation of a narrow Kondo resonance atEF , marked ‘‘C.’’ Cobalt-
atom curves and elbow-defect curves have been vertically sh
by 1.531029 and21.731029 S, respectively.
2-2
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LOCAL SPECTROSCOPY OF A KONDO IMPURITY: Co . . . PHYSICAL REVIEW B 64 165412
bare Au spectra is suppressed in the energy range betw
EF and the surface-state band edge, implying that the co
atom ‘‘repels’’ surface-state density over this energy regi
In addition, the band-edge feature ‘‘A’’ is replaced by a peak
shifted to lower energy~marked ‘‘B’’ in Fig. 1!. A new ‘‘an-
tiresonance’’~marked ‘‘C’’ ! also arises nearEF . Spectra
measured over Cu adatoms and herringbone defects
show the shifted band-edge feature markedB, but they show
no signs of the narrow resonance nearEF seen in the cobal
spectrum. These behaviors were observed for numerous
balt atoms, copper atoms, and herringbone defects at
Au~111! surface. Cobalt atoms located closer than 10 Å fr
a herringbone domain wall~center to center!, however, did
show suppression or distortion of featureC.

The cobalt EF resonance~feature C! can be seen in
greater detail in the higher-resolution spectra of Fig. 2. H
the resonance is observed to display an asymmetric
shape centered slightly aboveEF . Figure 2 shows how this
feature varies with vertical distance between the STM tip a
a cobalt atom. Each successive spectrum in Fig. 2 was m
sured after freezing the STM tip at a height corresponding
a factor of 10 increase in the dc tunnel resistance~measured
at a bias of 0.1 V!. This corresponds to approximately 1 Å in
vertical displacement of the STM tip between spectra. T
shape of theEF resonance varies only slightly with the STM
tip height over a vertical range of about 2 Å. At higher ti
surface separation the signal-to-noise ratio is too poor to
termine line-shape details. This data shows that while
cobalt dI/dV spectrum depends strongly on the energy
tunneling electrons, it is not sensitive to local electric-fie
gradients induced by the tip. It is thus unlikely that theEF
feature involves field-dependent phenomena, such as the
tion of loose adsorbates on the tip or surface.

C. Surface site and lateral dependence

The line shape of theEF resonance, however, does d
pend on the location of a cobalt atom within the unit cell

FIG. 2. Solid lines showdI/dV spectra measured with the STM
tip held at different heights above a single Co atom on Au~111!.
Bottom curve corresponds to junction resistanceR523108 V.
Spectra remain unchanged over two orders of magnitude in re
tance, corresponding to a height change of approximately 2
Dashed line shows fit to Fano line shape, Eq.~10!. Curves for 10R,
100R, and 1000R spectra have been vertically shifted by 1028, 2
31028, and 331028 S, respectively.
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the Au~111! herringbone reconstruction. This dependen
was determined by acquiring spectra for atoms naturally
sorbed across the unit cell, as well as for atoms intention
positioned within it ~similar results were obtained in bot
cases!. Atomic manipulation was used to obtain spectra fro
a single, well-specified cobalt atom positioned at differe
regions of the surface. Such spectra remove any ambig
that might exist as to the association of different spectra w
a particular type of adsorbate. Figure 3 shows the proces
sliding a single cobalt atom to different points within th
herringbone unit cell with the aid of the STM tip~sliding
impedance523105V!. This atom was moved from an fc
region of the reconstruction to a ‘‘domain wall,’’ and then
an hcp region. Figure 4 shows the spectra obtained for
atom in the different regions of the reconstruction. Spec
obtained in the fcc and hcp regions show nearly identi
asymmetric line shapes, while the spectrum obtained on
herringbone wall shows strikingly different behavior. Th
asymmetry of the resonance appears to be reversed wh
cobalt atom is positioned at the soliton wall~many Co atoms
in this position also showed a complete absence of theEF
resonance!.

The line shape of theEF resonance was found to depen
on the lateral position of the STM tip with respect to th
center of a cobalt atom. This dependence is difficult to qu
tify, because it varies with the microscopic environment
the cobalt atoms and the detailed structure of the STM tip
order to systematically study this spatial dependence, spe
were obtained for 10 different cobalt atoms at three differ
lateral distances from the atoms’ center~all using the same
tip!. These spectra were then averaged and are plotted in
5. The averaging here is meant to remove variations du
the location of an atom. At the center position~0 Å! the
averaged spectra show the familiar asymmetric resona
discussed previously. As the tip of the STM is moved o
from the center, however, the line shape becomes more s
metric. This behavior can be seen in the averaged spe
measured at 4 and 11 Å from the center of the cobalt ato

D. Coverage dependence

Interactions between cobalt atoms on Au~111! were stud-
ied by measuringdI/dV spectra on cobalt adatoms as a fun
tion of cobalt surface density. Figure 6 shows images of
Au~111! surface after successive deposition of cobalt at 6
resulting in coverages of 0.02, 0.05, 10.1, and;1 ML. Fig-
ure 7 shows typical spectra measured for individual cob
atoms at each coverage. TheEF resonance is clearly seen
and the spectra are all quite similar. The fraction of cob
atoms showing theEF resonance, however, dropped as t
coverage was increased. The fraction of atoms showing
resonance in hcp and fcc regions was 60% for a 0.025-
coverage, 54% for a 0.05-ML coverage, 33% for a 0.2-M
coverage, and only 14% for the;1-ML coverage.

III. DISCUSSION

A. Overview

In order to interpret these spectroscopic results, we n
discuss the electronic structure of transition-metal adsorb

is-
.
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FIG. 3. Three images show the process of using atomic man
lation to move a single Co atom to different sites within the unit c
of the Au~111! herringbone reconstruction. STM spectra acquir
for the Co adatom at these different herringbone sites can be se
Fig. 4. ~Derivative images are shown!.
16541
and how this is reflected in tunneling measurements. T
topic revolves around the subject of electronic impurity re
nances fors, p, and d orbitals. While an isolated atom ha
sharp, long-lived energy levels, these levels broaden
resonances when an atom approaches a metal surface34,35

Broadening occurs because an electron residing in an ada
orbital can escape into the continuum of substrate electro
states. This topic has been well studied, and the simplest
occurs when the Coulomb interaction between electrons
the adatom orbital is negligible~the ‘‘noninteracting’’ case!.
Eigenstates of the resonance are then easily calculated w
the Anderson/Fano formalism.18,20 Interpreting experimenta
measurements of such a resonance, however, is complic

u-
l

in

FIG. 4. STM spectra acquired for a single Co adatom positio
on different sites within the Au~111! herringbone unit cell~see im-
ages in Fig. 3!. The Kondo resonance remains the same for fcc a
hcp sites, but the Fano line shape undergoes a sharp change
the adatom is positioned on a soliton wall. fcc-site and wall-s
curves have been vertically shifted by 1.431028 and 21.4
31028 S, respectively.

FIG. 5. Distance dependence of the Kondo resonance line s
across individual Co atoms~‘‘ r’’ measured from the center of the
atom!. Average spectra are shown for the STM held at the cente
a Co atom~0 Å!, 4 Å from the center, and 11 Å from the cente
~each spectrum is averaged over 10 atoms, and all are meas
with the same tip!. All three spectra have had a linear backgrou
slope of 22.1310211 S/mV removed for viewing. Curves forr
54 Å and r 511 Å have been vertically shifted by 0.931028 and
1.831028 S, respectively.
2-4
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by the relative weighting of the matrix elements coupling t
experimental probe to orbital and continuum components
the resonance eigenstates. This problem was first addre
by Fano, whose work explains the well-known spectral l
shape of a ‘‘Fano resonance.’’20

The electronic behavior of an impurity atom, howev
becomes significantly more complex when a strong Coulo
interaction exists between electrons residing in the impu
orbital. This situation leads to a coherent mixing of spin-
and spin-down orbital states, and results in the strongly
related electronic behavior known as the Kondo effect.5 In a
remarkable simplification, however, it can be shown t
spectroscopic measurement nearEF of a Kondo impurity is
equivalent to the measurement of an effective noninterac
impurity state well described within the Fano formalism10

Here we will expand on these ideas and apply them tow
understanding our local spectroscopic measurements o

FIG. 6. STM images of the Au~111! surface for different Co
coverages of 0.02, 0.05, 0.1, and;1 ML. The crystal was held
between 6 and 8 K during deposition and imaging.~Derivative im-
ages are shown!.

FIG. 7. STM spectra measured over individual Co adatom
the four different coverages shown in Fig. 6~0.02, 0.05, 0.1, and
;1 ML!. The Fano line shape of the Kondo resonance is cle
seen in each case with little variation. Curves for 0.1, 0.05, and 0
ML have been vertically shifted by 1.331028, 2.831028, and
4.231028 S, respectively.
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balt adsorbates. Our notation has been chosen to corres
as closely as possible to previous theoretical treatment
the Fano resonance.20,36

B. Noninteracting impurity and Fano resonance

We first review the case of noninteracting impurity res
nances~i.e., those with no significant Coulomb interactions!.
This is the situation one might expect when thes orbital of
an adatom hybridizes with a metal surface. A simple desc
tion of such a system is the resonant-level model, where
electron is allowed to hop between the discrete atomic orb
and the continuum of electronic band states.18,20 The Hamil-
tonian is then

Ĥ05«aa†a1(
k

«kck
†ck1(

k
~Vaka

†ck1H.c.!. ~1!

Here«a is the energy of an electron residing in the discre
atomic state,a removes an electron from the atomic state,ck
removes an electron from thekth band state, andVak is the
hybridization matrix element connecting the atomic state
the kth band state. From this Hamiltonian it is straightfo
ward to calculate the advanced atomic-state Green funct

Gaa
0 ~«!5

1

«2@«a1ReS0~«!1 i Im S0~«!#
, ~2!

where

ReS0~«!5(
k

uVaku2PS 1

«2«k
D ,

Im S0~«!5p(
k

uVaku2d~«2«k!. ~3!

~P denotes Cauchy principal value!. The Green function is
useful because it leads directly to the atomic-state spec
densityra(«), an experimentally relevant quantity,

ra~«!5
1

p
Im Gaa

0 ~«!

5
Im S0~«!/p

@«2$«a1ReS0~«!%#21@ Im S0~«!#2]
. ~4!

ra(«) describes the local density of states of the atomic s
and, assumingS0(«) has little energy dependence, is
Lorentzian resonance centered at«a1ReS0(«) with a half-
width equal to ImS0(«).

In a tunneling experiment, a second electrode~the tip! is
added to the system and electrons are allowed to tunne
tween electrodes. These changes are reflected in the Ha
tonian by adding the terms« tt

†t1M̂ to Ĥ0 ,19

Ĥ5«aa†a1(
k

«kck
†ck1(

k
~Vaka

†ck1H.c.!

1« tt
†t1M̂ . ~5!

at
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Here the tip is modeled by a single state with energy« t and
t removes an electron from that state.M̂ is a transfer Hamil-
tonian term that induces electrons to tunnel from one e
trode to the other and is treated as a perturbation.M̂ can be
expressed as follows:

M̂5~Mata
†t1H.c.!1(

k
~Mktck

†t1H.c.!. ~6!

Mat andMkt are the tunnel matrix elements that connect
STM tip to the discrete atomic state and continuum sta
respectively.

The STM tunnel current may be expressed asI (V)
5e^Ṅt&, whereNt5t†t. This expression can be evaluate
for the present system and put in a form that closely
sembles expressions derived in earlier studies of Fano r
nance phenomena36 ~see the Appendix for further details!,

I ~V!5
2e

\ E
2`

`

d« r tip~«!@ f ~«2eV!

2 f ~«!#•ImH(
k

uM̂ktu2gkk~«!1Gaa
0 ~«!@A~«!

1 iB~«!#@A* ~«!1 iB* ~«!#J . ~7!

Herer tip is the tip density of states and

gkk~«!5
1

«2«k2 ih
, h→01 ,

A~«!5Mat1(
k

MktVakPS 1

«2«k
D , ~8!

B~«!5p(
k

MktVakd~«2«k!.

If we treatr tip as a constant to reflect the broadening of
tip state by contact with the remainder of the tip electro
then the low-temperature STM differential conductivity c
be found as follows:

dI

dV
~V!5

2e2

\
r tip•ImH(

k
uM̂ ktu2gkk~eV!1Gaa

0 ~eV!

3@A~eV!1 iB~eV!#@A* ~eV!1 iB* ~eV!#J .

~9!

As shown in Ref. 36 and the Appendix, this can be furth
simplified to the form of a Fano resonance,

dI

dV
~V!5

2e2

\
r tipFp(

k
uM̂ktu2d~eV2«k!G ~«81q!2

11«82 1C,

~10!

where
16541
c-

e
s,

-
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e
,

r

q5
A

B
, «85

eV2«a2ReS0~eV!

Im S0~eV!
, ~11!

andC is a constant term that depends on conduction-elec
states not coupled to the impurity. The atomic-state re
nance is thus manifested as a Fano resonance indI/dV, the
STM differential conductance.

The line shape of the Fano resonance depends on
‘‘coupling parameter’’q. Figure 8 shows a plot of Eq.~10!
for three values ofq. If q is large, the spectrum is Lorentzian
while q51 leads to an asymmetric spectrum and smalq
results in an antiresonance. The physical meaning ofq can be
seen in Eqs.~8! and ~11!. The q ratio becomes large whe
either of the two terms in the numeratorA grow relative to
the denominatorB. The first term inA describes direct cou
pling of the STM tip to the atomic orbital, while the secon
term in A describes indirect coupling between the STM
and the atomic orbital via virtual transitions involving ban
electrons. The second term inA is the Hilbert transform ofB,
and so reflects any energy dependence that might be pre
in B due, for example, to the bandstructure of the substr
If B is energy independent then the second term inA is zero.
If Vak is constant,B simply gives the coupling of the tip to
the unperturbed local density of states LDOS of the metal
Fano’s original paper,20 for example, theB term was physi-
cally interpreted as representing coupling between the
perimental probe~the STM in our case! and unperturbed
continuum LDOS. A large value ofq thus implies that the
STM tip is strongly coupled to the atomic orbital~either
‘‘directly’’ or ‘‘indirectly’’ !, while a low value ofq implies
that the tip is more strongly coupled to the conductio
electron continuum than the atomic orbital. The width of t
resonance in either case is 2 ImS0, a factor that depends o
the intrinsic coupling between the discrete state and
conduction-electron continuum.

FIG. 8. Theoretical Fano resonance line shape for a resonan
EF with half-width56.5 mV and a range of differentq parameters
@Eq. ~10!#. The q5100 case corresponds to strong coupling b
tween the tip and a discrete atomic orbital, and leads to
Lorentzian-like line shape. Theq51 case corresponds to interme
diate coupling and leads to an asymmetric resonance. Theq50
case corresponds to the weak-coupling limit and leads to a sym
ric dip at EF ~an antiresonance!. ~Curves have been vertically
shifted for easier viewing!.
2-6
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These results can be used to interpret resonance fea
seen in STM spectra acquired for cobalt adatoms. We
consider feature ‘‘B’’ of Fig. 1, an 8767-mV-wide resonance
centered 50565 mV belowEF . The most likely explanation
for this resonance is that it is an adsorbate-induced de
state split off from the bottom of the Au~111! surface-state
band. This bound state then hybridizes with continuum b
states. The energy location of the surface state band ed
consistent with this picture, as it lies just 55610 mV above
featureB. Such phenomena are well known to occur in oth
systems.37,38An alternative explanation to feature ‘‘B’’ is that
it directly reflects a cobalt atomic orbital~such as ad state!.
This second explanation is unlikely, however, since featurB
is observed at the same energy~i.e., just below the surface
state band edge! for cobalt adatoms, copper adatoms, a
intrinsic Au-surface defects. The only common feature in
three of these cases is that the Au surface state underg
local perturbation. We expect Coulomb interactions to
minimal here since the defect state originates from the g
sp band, and so the simple Hamiltonian described in Eq.~1!
should be applicable.

The width of featureB then comes from the hybridizatio
of the defect state with bulk conduction states~correspond-
ing to ImS0!. The resonance line shape is nearly Lorentzi
meaning a large value of theq parameter. This might be
explained by strong coupling between the STM tip and
Au defect state@resulting in a large numerator forq in Eq.
~11!#, as well as by low coupling between the Au defect st
and nearby continuum states@resulting in a small denomina
tor for q in Eq. ~11!#. Such low coupling might be expecte
between a split-off surface state and nearly orthogonal b
states below the surface-state band edge.

C. Interacting impurities and the Kondo resonance

TheEF resonance seen for cobalt adatoms~feature ‘‘C’’ in
Fig. 1! has a different physical origin than the band-ed
feature just discussed. This is seen first by the fact that
EF resonance is located far from the surface-state band e
Second, theEF resonance occurs only for cobalt atom
whereas the band-edge resonance occurs for cobalt im
ties, copper impurities, and intrinsic Au defects. Most imp
tant, however, is the fact that theEF resonance width is
significantly smaller than the width of the band-edge re
nance. This is best demonstrated in the high-resolution s
tra of Fig. 2. Here the width is only 12 mV when measur
from the steep central region of the resonance. This is
nificantly narrower than the widths expected fors-, p-, or
even d-originated adatom resonances. Recent LSDA-ba
calculations predict ad-resonance width of the order of 10
meV for cobalt adatoms on Au~111!.22,39 Careful theoretical
treatment of the single-particle excitation spectrum places
adsorbated-orbital features at least 900 mV fromEF ~mea-
sured from the center of thed resonance!.22 We believe that
the best explanation for the experimentally observedEF
resonance is that it is the Kondo resonance for a single m
netic impurity.10 We now discuss how the details of such
resonance can be theoretically understood within the F
formalism.
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Unlike the previous case of a noninteracting resonan
the Kondo effect arises when electrons in an impurity orb
experience strong Coulomb repulsion.5 This occurs in thed
orbital of transition-metal impurities. If we consider a sing
transition-metal impurity having one spin-degenerated or-
bital, then the Hamiltonian of the system must be modifi
from Eq. ~1! to read

Ĥ5(
s

«dds
†ds1Uds

†dsd2s
† d2s1(

k,s
«kcks

† cks

1(
k,s

~Vdkds
†cks1H.c.!. ~12!

Hereds removes an electron of spins from the impurityd
orbital andU represents the Coulomb repulsion between t
electrons of different spin in ad orbital. Only one electron
can occupy thed orbital at energy«d , since a second elec
tron, with opposite spin, would have to enter at the increa
energy«d1U ~here we ignored-level orbital degeneracy!. If
«d1U.EF , then the spin of the occupiedd level is un-
paired and the impurity is magnetic. Spin-flip processes
volving the unpaired spin then lead to a dense set of lo
energy excitations that comprise the Kondo resonance
have a half-width ofkBTK . The excitation spectrum of a
Kondo impurity thus results in three resonances: two ‘‘bar
d resonances on either side ofEF at «d and«d1U, and the
Kondo resonance atEF .5 This physics is reflected in the
advanced impurity Green function

Gdd~«!5
1

«2@«d1Re(d~«!1 i Im Sd~«!#
. ~13!

Gdd(«) has the same general form as the noninteracting
pression,Gaa

0 («), but the difference lies in the self-energ
term Sd(«). Sd(«) includes the interaction effects no
present inS0(«) and is in general a complicated function
«. At energies nearEF and forT,TK , however,Sd(«) can
be written in the following simple form:40

Im Sd~«!5
G

2
, ~14!

ReSd~«!5«2«d2
~«2a!G

2kBTk
,

whereG is the full width of the bared resonance anda is a
constant shift that can arise due to other orbitals, which
have neglected.

In order to understand tunneling measurements into
interacting impurity, one must include the effect of the t
electrode and tunneling processes in the Hamiltonian. S
lar to the noninteracting case, this is accomplished by add
(s(« tts

†ts1M̂s) to the Hamiltonian of Eq.~12! ~the spin of
the tunneling electrons must now be accounted for!. The tun-
nel current can then be calculated identically as for the n
interacting case@Eqs. ~7!–~11!#, except thatS0(«) is now
replaced bySd(«). This is allowed because the interactio
occurs only on the impurity site~see the Appendix for more
details!. At energies nearEF and forT,TK we can substitute
2-7
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the expressions forSd(«) @Eq. ~14!# into Eq.~11! to obtain a
narrow Fano resonance having half-widthkBTK . The expres-
sion for the coupling parameterq is unchanged from the
non-interacting case. The Kondo resonance is thus m
fested indI/dV as a narrow Fano resonance nearEF . De-
spite its origins in the physics of highly correlated electro
phenomena, spectroscopic measurement of the Kondo r
nance yields the same result one would expect for a nar
single-particle resonance nearEF . This is essentially the
same result described in Ref. 10, except that thereB @Eq. ~8!#
was assumed to be energy independent, an approxima
that deemphasizes indirect-coupling contributions toq. Simi-
lar results have also been obtained in other theoretical stu
that emphasize indirect tip coupling,22,23 nonequilibrium
effects,24 and temperature dependence.21,23

The Fano resonance expression of Eq.~10! @using the
self-energy expressions of Eq.~14!# can be fitted to the co
balt spectra shown in Fig. 2. The spectrum atR523108 V
yields a Kondo temperature of 7566 K and aq value of
0.6060.05. The center of the resonance is located at
60.5 meV aboveEF . No strong variation is seen in thes
parameters as a function of tip height~i.e., for junction re-
sistances of 10R or 100R!. The value ofTK found here for
cobalt-surface impurities is significantly lower thanTK val-
ues measured for cobalt bulk impurities25–27 ~300–700 K!.
Such behavior is not unexpected, since the overlap of
impurity d orbital with conduction states is reduced at a s
face compared to the bulk~i.e., from reduced coordination!.
This tendency is reflected in the approximate expressionTk
}exp(21/rJ), whereJ}uVdku2/min$u«du,u«d1Uu% andr is the
substrate electronic density of states.5 TK is seen to depend
exponentially onVkd , a term that links the impurityd orbital
to conduction states and so is strongly dependent on impu
coordination. Other measurements for Co impurities on a
surface have been made using a weak localization techn
and show an even lower Kondo temperature ofTK519 K.28

One possible explanation for the discrepancy in surfaceTK
values is that the weak localization measurements were
formed on a disordered gold surface, as opposed to the w
ordered crystal used here.

D. Impurity-tip coupling and position dependence:

The fit of Eq.~10! to the cobalt spectrum in Fig. 2 yield
information on how the STM tip couples to cobalt impuriti
via the Fano ‘‘q’’ parameter. Becauseq is of the order of 1,
significant coupling must occur between the STM tip and
cobaltd orbital. As mentioned in the previous discussion
Eqs. ~8! and ~11!, this coupling can have its origins in tw
different physical processes: direct coupling~i.e., direct over-
lap between the tip and thed orbital! and indirect coupling
~i.e., coupling mediated by conduction electrons!. In Ref. 10
it was argued that direct coupling dominates, but more rec
theoretical studies provide evidence that indirect coupl
plays a significant~and even dominant! role.22,23 Here we
argue that indirect coupling to the impurityd orbital domi-
nates STM tunneling to the Kondo resonance and prov
the main contribution toq. One of the strongest pieces o
evidence for this behavior is the lack of tip-height depe
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dence in the spectra of Fig. 2. The electronic decay lengt
a conduction band state and an impurityd orbital are ex-
pected to be different as one moves away from a surface.41 If
direct coupling played a strong role in the tunneling proce
this should result inq decreasing as the tip is moved ver
cally away from the impurity atom. Another piece of ev
dence for the importance of indirect coupling~as pointed out
in Ref. 22! comes from the recent ‘‘quantum mirage’’ wor
of Manoharan, Lutz, and Eigler. In that work a Kondo/Fa
resonance with nonzeroq is observed at the empty focus o
an ellipsoidal quantum corral, opposite a focus containin
Kondo impurity. There is no possibility of a direct-couplin
term at the empty focus, yetq remains nonzero for spectr
taken at that point~and so must be entirely due to indire
coupling!. Dominance of the indirect-coupling term over th
direct-coupling term is not surprising, due to the tight
bound nature of thed orbital, which minimizes direct tip
overlap. The indirect contribution toq can be calculated from
the terms in Eq.~8! if the electronic structure of the substra
is known. Some initial calculations have been performed t
extract values ofq from a model electronic structure.22

The coupling between the STM tip and the impurityd
orbital varies dramatically with the impurity position on th
reconstructed Au~111! surface. Fits made to the spectra d
played in Fig. 4 show that theq factor changes from
10.6860.02 to 21.560.3 when a cobalt atom is move
from an fcc region to a reconstruction domain wall~TK is
also slightly raised!. These changes inq most likely come
about from variations in the local electronic structure
duced by the herringbone reconstruction. Such variat
arises from the influence of the reconstruction potential
two-dimensional surface-state electrons, and has been
served in previous studies.32,33 Variations in the tip-coupling
parameter are somewhat less dramatic when the STM ti
moved laterally across the surface of an individual cob
atom. Fits to the spectra in Fig. 5 show the average valu
q changing from10.5860.02 when the tip is held over th
center of a cobalt atom to10.3060.01 when the tip is
shifted 4 Å off center. This reduction inq points to a lessen-
ing of the coupling between the tip and the impurityd orbital
as the tip is moved off center. Such dependence arises f
spatial variation in the matrix elementMtk , as well as sub-
strate bandstructure.

E. Cobalt density dependence and interactions

It is striking that the cobalt-surface concentration does
have a large impact on the Fano resonance line shape.
overall percentage of atoms showing the Kondo resona
does decrease with coverage, but those atoms displaying
resonance in the hcp and fcc regions of the reconstruc
show no strong concentration dependence in their spe
line shape. The lower percentage of atoms showing
Kondo resonance at increased coverage might be expla
by clustering of atoms. As the cobalt coverage increas
single-atom-like structures on the surface have a higher p
ability of actually incorporating multiple impurities. It is
known from previous work that cobalt dimers, for examp
do not show Kondo resonance.17 For atoms showing a
2-8
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Kondo resonance, the lack of strong concentration dep
dence has two implications. First, it implies that impurit
induced surface-state interference effects do not play a
nificant role in cobalt Kondo impurity behavior on gold
While one does expect the Au~111! surface state to be per
turbed as the density of surface scatterers is increased
lack of any significant influence on the Kondo resonan
implies that cobalt impurities are not strongly affected
these changes. Second, this behavior implies that ind
magnetic coupling~‘‘RKKY’’ coupling 6! between cobalt at-
oms is not significant at the surface of gold. One expects
strong RKKY coupling between cobalt atoms would lead
spin-glass behavior and modifications to the Kondo eff
from impurity-impurity spin interactions.42–44 The lack of
any significant density dependence in Kondo behavior
our data implies that the RKKY coupling energy is smal
than the Kondo binding energy (kBTK). This behavior is
consistent with a previous experimental study of cob
dimers,17 as well as theoretical studies of the short-ran
character of impurity spin-spin interactions.45

IV. SUMMARY

In conclusion, we have used a cryogenic UHV STM
investigate the local electronic structure of cobalt atoms
sorbed to Au~111!. We find two distinct resonances, one ne
EF and the other just below the surface-state band edge.
band-edge resonance is believed to be a Au defect state
theEF resonance is believed to be a many-body Kondo re
nance. The Kondo resonance does not change significa
with tip height above the cobalt atom, but it does vary w
atom placement on the Au~111! surface and with lateral tip
position relative to the impurity center. The surface conc
tration of cobalt atoms is observed to have little effect on
details of the Kondo resonance. We show theoretically t
impurity resonances observed via STM spectroscopy are
general, a class of Fano resonance. This is true for nonin
acting resonances~i.e., impurity orbitals with negligible
Coulomb interactions! as well as for strongly interacting im
purity resonances~i.e., orbitals with significant Coulomb in
teractions!. Using the Anderson model we show that tunn
ing into a strongly interacting impurityd orbital should lead
to a narrow Fano resonance nearEF , which is a reflection of
the Kondo resonance. As with the case of noninteracting
purities, the line shape of the Kondo/Fano resonance dep
on the degree of coupling between the STM tip and the
purity d orbital. This coupling can be either direct or indirec
but it is argued that indirect coupling dominates for cobalt
Au~111!. This explains the lack of tip-height dependence
the cobalt spectra and, together with the surface electr
structure, forms a framework to explain the spectral dep
dence on impurity-surface location and lateral tip positio
The cobalt concentration dependence of the Kondo re
nance implies atomic clustering at high coverage and w
RKKY coupling between cobalt impurities.
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APPENDIX

Here we derive Eqs.~7!–~11! for the more general case o
an interacting impurity (UÞ0), as represented by th
Hamiltonian of Eq.~12!. To explicitly reproduce Eqs.~7!–
~11!, substitutea for d, let U50, and remove the sum ove
spins. We begin withI (V)5e^Ṅt&, whereNt5(sts

† ts . This
can be reexpressed in the following manner:

I 5e^Ṅt&5
ie

\
^@H,Nt#&

52
ie

\ F(
ks

~Mkt^cks
† t&2H.c.!

1(
s

~Mdt^ds
† t&2H.c.!G ,

^cks
† t& and ^ds

† t& can be expanded to leading order inM to
calculate STM tunnel current using Fermi’s Golden ru
This gives

I 52
2ie

\ E
2`

`

d« r tip~«!@ f ~«2eV!2 f ~«!#

3H(
kk8

MktMk8t
* ~Gk8k

a
2Gk8k

r
!1(

k
MktMdt* ~Gdk

a 2Gdk
r !

1(
k

Mkt* Mdt~Gkd
a 2Gkd

r !1uMdtu2~Gdd
a 2Gdd

r !J .

HereGdd
r /a andGdk

r /a are the full advanced and retarded Gre
functions between band states~the continuum! andd orbitals
~discrete states! in the absence of coupling to the STM tip

Because interactions occur only for electrons ind orbitals,
the Green functions involving band states can be factore

Gdk
r /a5VdkGdd

r /agkk
r /a ,

Gk8k
r /a

5gkk
r /adkk81VdkVdk8

* gk8k8
r /a Gdd

r /agkk
r /a .

Heregkk
r /a are Green functions of band states unperturbed

the impurity, so all interactions are contained inGdd
r /a ~with

an extra factor of 2 for spin!. This leads to the conductanc
expression of Eq.~7!

I 5
4e

\ E
2`

`

d« r tip~«!@ f ~«2eV!2 f ~«!#

3ImH(
k

uMktu2gkk
a ~«!1Gdd

a ~«!@A~«!1 iB~«!#

3@A* ~«!1 iB* ~«!#J ,

where
2-9
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A~«!5Mdt1(
k

MktVdkPS 1

«2«k
D and

B~«!5p(
k

MktVdkd~«2«k!.

To get a Fano-like form fordI/dV, note that

Gdd
a ~«!5

1

«2@«d1Re(d~«!1 i Im (d~«!#

and define

«85
eV2«d2Re(d~eV!

Im (d~eV!
,

qeiu5
A

B
.

This gives
4-

r.

e

. S

ett

y

a

.
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dI

dV
5

4e2

\
r tipH p(

k
uMktu2d~eV2«k!

1
uBu2

Im (d~eV!

q22112q«8 cosu

11«82 J .

If no magnetic field is present,A and B are real, so cosu
51. The sum in the first term of the expression fordI/dV
can be separated intok states that couple to the impurity an
k states that do not couple to the impurity. The latter form
constant background. For a single-band model the contr
tion from k states that couple to the impurity is exactly

uBu2

Im (d~eV!
.

This results in the classic Fano expression, Eq.~10! ~but with
an added factor of 2 for spin!,

dI

dV
~V!5

4e2

\
r tipFp(

k
uM̂ tku2d~eV2«k!G ~«81q!2

11«82 1C.
ys.
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ys.
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