PHYSICAL REVIEW B, VOLUME 64, 165412

Local spectroscopy of a Kondo impurity: Co on Au(11))
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We present a detailed study of the local electronic properties of the Kondo system formed from cobalt
adatoms deposited onto A1) at a temperature of 6.6 K. Cryogenic scanning-tunneling spectroscopy was
used to observe impurity-induced resonances at the Fermi energy and at(1id)/Aurface-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 reconstructétilAusurface.

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 betweesrkitel and
continuum conduction electron channels, as well as their coupling to the STM tip.
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[. INTRODUCTION tion (for superconducting substrajedut no signs of the
Kondo resonance, ostensibly because the experimental tem-
The coupling between spin and electronic degrees of freeperature was greater thdiyx . Cryogenic STM experiments
dom in condensed-matter systems leads to a variety of pheerformed on impurity systems with higher Kondo tempera-
nomena, some of which have useful technological applicatures(such as Co adatoms on Kand Cd? surfaces, as well
tions. Examples are giant and colossal magnetoresisténce,as Ce adatoms on Afj have recently been successful in
spin-polarized tunneling? and the Kondo effect. The observing the Kondo resonance for individual magnetic at-
Kondo effect occurs in magnetic structures at the atomioms. Interactions between Kondo impurities have also been
scale, and typically arises from spin-flip scattering between atudied recently using atomic manipulatitn.
single magnetic atom and the electrons of a metal host. This Here we discuss a study of the Kondo system formed
interaction causes a correlated screening cloud to fornfrom individual cobalt atoms deposited onto a(Ail) sub-
around the impurity atom, leading to anomalous behavior irstrate at a temperature of 6 K. Some results have been pub-
the resistivity, specific heat, and magnetic susceptibility ofished on this system alread/but here we provide a more
dilute magnetic alloys® While most measurements of in-depth presentation of experimental results and of our the-
Kondo alloys have involved macroscopic averages, Kondmretical understanding of the impurity behavior. In summary,
impurities are extremely local perturbations to a solid. Fewwe have performed local spectroscopic measurements to in-
experimental studies have been performed that directly probeestigate the electronic structure of this surface Kondo sys-
the local properties of these strongly interacting impuritiestem over the energy rangel eV aroundEg. We find reso-
This paper focuses on a scanning-tunneling-microscopyances in the electronic structure at “high energy’0.4 eV
(STM) study of individual cobalt adatoms and is aimed atfrom Eg) and at “low energy”(0.010 eV fromEg) for indi-
forming a better understanding of the local electronic propvidual cobalt atoms. We believe these resonances arise from
erties of Kondo impurities. a combination of an impurity-induced defect state and the
Tunneling experiments have been used extensively t&ondo resonance. The line shape of the Kondo resonance
study the density of staté®OS) of Kondo systems, particu- was observed to depend on the lateral position of the STM
larly the formation of the Kondo resonance at temperaturesip with respect to an impurity atom’s center, but the line
below the Kondo temperatur€y . Most of these studies shape was not observed to vary significantly with the vertical
have involved macroscopic metal-insulator-metal junctiongoosition of the tip. The A(L11) surface reconstruction was
doped with magnetic atonis, although crossed-wire observed to have a pronounced effect on Kondo impurity
experiment$ and “nanobridge” techniques have also beenbehavior, as seen by positioning cobalt atoms in different
used’ Recently, STM has been used to probe well-regions of the reconstruction unit cell. Interaction between
characterized, individual Kondo impurities at surfat&s®  cobalt impurity atoms was studied by obtaining STM spectra
The first STM studies of magnetic atoms involved systemst different cobalt surface coverages. Some disappearance of
with very low Kondo temperatures, such as Fe adatoms othe Kondo resonance was observed, which we attribute to
Pt* W' and Nb (Ref. 16 surfaces. These experiments cobalt-cobalt clustering, but the line shape and magnitude
showed signs of magnetit states and Cooper-pair destruc- remained essentially unchanged for those atoms displaying
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the Kondo resonance. This implies that long-range interac STM Spectra of Co Adatom, Cu Adatom,

tions between cobalt atoms are weak. A and Surface Defect: Au(111)
In order to better understand the experimentally observed O —A
impurity behavior, we have calculated the expected tunnel 5 . B1M

current into a single Kondo impurity from an STM tip. This
calculation uses the Anderson modehnd the transfer- 4
Hamiltonian-tunneling formalisi® and reproduces the
asymmetric line shape observed in our spectroscopic mea-o
surements. The Kondo resonance is seen to manifest itself as2 3| B3
a type of Fano resonarCeinvolving quantum interference :
betweend orbitals and conduction-electron-tunneling chan-
nels. While several theoretical treatments are now published 2
on this topict®'t?1=24here we lay special emphasis on the
similarity between the tunneling configuration and Fano’s
original treatment of resonance spectroscopy. Comparisons 1r

Co Adatom

S)

s ‘Bare Au

Cu Adatom

- O 7

di/dv

between impurity calculations and experimental results are e, Bare Au
used to help clarify the interaction between impurity D000 =00 0 500 1000
d-orbital and conduction-electron degrees of freedom for Co Sample Voltage (mV)
atoms on gold.
In Sec. Il we discusé&a) experimental detailgb) impurity FIG. 1. dI/dV spectra obtained with the STM tip held over a

spectra including STM tip-height dependen@,cobalt sur-  single Co adatom on A@l1), a single Cu adatom on Alil1), and

face site and lateral spatial dependence of spectra, as well assingle Au111) point defect. A bare All11) spectrum measured
the (d) coverage dependence of the spectra. In Sec. IIl wevith the same tip is shown in each case as a referermeh pair of
presenia) an overview of impurity electronic structuré) a spectra were measurgd with a diﬁerenb.ti‘pA" marks the surface-
discussion of noninteracting impurities and the Fano resostate band edge whileB” marks the location of the band-edge
nance, (c) a discussion of interacting impurities and the resonance induced in each case. Only the Co ad:altCJ,rn induces for-
Kondo resonance, and a discussion(@f impurity/tip cou- mation of a narrow Kondo resonancekgt, marked ‘C.” Cobalt-

; s ; ; . atom curves and elbow-defect curves have been vertically shifted
Ryncgo :tr;(ijn(s)ad:unns]lgac:;pendent interaction effects. Sectlonby 1510 ° and—1.7x10°°S, respectively.

mains separated by “soliton” walf& The Shockley surface
IIl. EXPERIMENTAL RESULTS state that coexists with this reconstruction provides a back-
A. STM and substrate ground two-dimensional electron band that crogses™

The experiments described here were performed using a
home-built cryogenic STM T=6 K) in ultrahigh vacuum.
Clean gold surfaces were prepared by putting single-crystal Figure 1 shows all/dV spectrum measured while hold-
Au(111) substrates through cycles of argon sputtering andng the STM tip over a single cobalt atom on @dl), as
annealing. Surfaces prepared in this way were transferred wwell as a spectrum measured with the same tip over an ad-
UHV to the low-temperature STM. Cobalt adsorbate atomgacent bare gold regiofthe center of the cobalt atom is lo-
(adatom$ were deposited onto the low-temperature surfacecated at least 15 A from the center of a herringbone domain
through line-of-sight e-beam evaporation. STM tunnelingwall). As experimental controls, spectra are also shown that
spectra (1/dV) were measured by placing a 200—500 Hz acwere measured with the tip held on and off a single adsorbed
modulation signalwith rms amplitude in the range of 1-10 copper atom on A{11) and on a point-defect at the “el-
mV) onto the tunnel bias voltage and then using lock-in debow” of the Au reconstruction. The spectra measured over
tection of the resulting ac tunnel curredil/dV spectra were bare gold correspond to a convolution of the electronic struc-
obtained under open feedback loop conditions to keep thaure of the Ayl1l) surface and the STM tip over the energy
STM tip stable. range*1 eV aroundEg .3* Small features in the bare-gold

Gold provides a useful substrate for these studies becauspectra arise from a combination of tip-electronic structure
it is known to yield a high Kondo temperature for cobalt and surface-electronic structure due to quantum interference
impurities in the bulk®2’(T between 300-700 Kand ata  of two-dimensional surface-state electrons scattering from
surfacé® (Ty~19K). In order to observe the fully devel- random surface structures. The dominant feature in the bare
oped Kondo resonance, the experimental temperdfui€)  Au spectra is the sharp dropoffor descending voltages
must be less thaiy . The Au111) surface, however, is not labeled “A.” This point marks the Al11) surface-state band
a structureless metallic background.(All) displays a com- edge and lies at an energy 460 mV bel&w (as measured
plex, long-range atomic reconstruction, as well as a delocalfrom the start of the downward transitipiThe influence of
ized two-dimensional electronic surface state. This reconthe herringbone reconstruction on this spectrum has been
struction is known as the “herringbone” reconstruction andstudied previously?3
has a 2Xv3 symmetry that divides the surface into hcp When the STM tip is placed over a cobalt atom, the
(hexagonal-close-packe@nd fcc (face-centered-cubjcdo-  dI/dV spectrum changes markedly. The structure seen in the

B. Impurity spectra and vertical dependence
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' ' ' ' ] the Au111) herringbone reconstruction. This dependence
8 s™™ Ti%';e(jﬁ'}iﬂﬁ’f)"de”"e: T Sreement ] was determined by acquiring spectra for atoms naturally ad-
7L _ sorbed across the unit cell, as well as for atoms intentionally
o b g N it 1000 positioned within it(similar results were obtained in both
5 gf 1000R 1 cases Atomic manipulation was used to obtain spectra from
T 1WW x100 a single, well-specified cobalt atom positioned at different
3 5'1W x10 regions of the surface. Such spectra remove any ambiguity
S al 3 1 that might exist as to the association of different spectra with
TN a particular type of adsorbate. Figure 3 shows the process of
a3t . sliding a single cobalt atom to different points within the
: - s - : herringbone unit cell with the aid of the STM tigliding
-100 -50 0 50 100

impedance= 2x 10°Q)). This atom was moved from an fcc
region of the reconstruction to a “domain wall,” and then to

FIG. 2. Solid lines shovd|/dV spectra measured with the STM &N hcp region. Figure 4 shows the spectra obtained for this
tip held at different heights above a single Co atom or{1Ad). atom in the different regions of t_he reconstructlon._Spe_ctra
Bottom curve corresponds to junction resistariRe 2x10° Q. obtained in the fcc and hcp regions show nearly identical
Spectra remain unchanged over two orders of magnitude in resi@Symmetric line shapes, while the spectrum obtained on the
tance, corresponding to a height change of approximately 2 Aherringbone wall shows strikingly different behavior. The
Dashed line shows fit to Fano line shape, Bd). Curves for 1®, asymmetry of the resonance appears to be reversed when a
100R, and 100® spectra have been vertically shifted by 02  cobalt atom is positioned at the soliton wathany Co atoms
X 1078, and 3<10°8 S, respectively. in this position also showed a complete absence ofBpe

resonance
bare Au spectra is suppressed in thg energy range between The line shape of th& resonance was found to depend
Er and the surface-state band edge, implying that the cobafin the |ateral position of the STM tip with respect to the
atom “repels” surface-state density over this energy regioncenter of a cobalt atom. This dependence is difficult to quan-
In addition, the band-edge featurd™is replaced by a peak tify, pecause it varies with the microscopic environment of
shifted to lower energymarked “B” in Fig. 1). Anew “an-  the cobalt atoms and the detailed structure of the STM tip. In
tiresonance”(marked “C") also arises neaEr. Spectra grder to systematically study this spatial dependence, spectra
measured over Cu adatoms and herringbone defects bojfiere obtained for 10 different cobalt atoms at three different
show the shifted band-edge feature marBedut they show |ateral distances from the atoms’ centafl using the same
no signs of the narrow resonance néarseen in the cobalt  tip). These spectra were then averaged and are plotted in Fig.
spectrum. These behaviors were observed for numerous cg: The averaging here is meant to remove variations due to
balt atoms, copper atoms, and herringbone defects at thfle |ocation of an atom. At the center positioh A) the
Au(lll) Surface. COba|t atoms |Ocated Closer than 10 A frornaveraged spectra ShOW the fami”ar asymmetric resonance
a herringbone domain waltenter to centgr however, did  giscussed previously. As the tip of the STM is moved out
show suppression or distortion of featue from the center, however, the line shape becomes more sym-

The cobaltEg resonance(feature C) can be seen in metric. This behavior can be seen in the averaged spectra

greater detail in the higher-resolution spectra of Fig. 2. Hergneasured at 4 and 11 A from the center of the cobalt atoms.
the resonance is observed to display an asymmetric line

shape centered slightly abo¥g . Figure 2 shows how this D. Coverage dependence

feature varies with vertical distance between the STM tip and Int " bet balt at AL wd
a cobalt atom. Each successive spectrum in Fig. 2 was mea- nteractions between cobalt atoms on(&l() were stud-

sured after freezing the STM tip at a height corresponding t¢Sd PY measuringll/dV spectra on cobalt adatoms as a func-

a factor of 10 increase in the dc tunnel resistafineasured tion of cobalt surface density. Figure 6 shows images of the
at a bias of 0.1 V. This corresponds to approximatel A in Au(111) surface after successive deposition of cobalt at 6 K,

vertical displacement of the STM tip between spectra. ThéeSUIting in coverages 0f 0.02, 0.05, 10.1, a.ﬂﬂ ML Fig-
shape of thé&E resonance varies only slightly with the STM ure 7 shows typical spectra measured for. individual cobalt
tip height over a vertical range of about 2 A. At higher tip/ atodmsr,] at each coveralglge. TER lregiona?k(]:e ]:s clgarlyfseetr)l,l
surface separation the signal-to-noise ratio is too poor to gednd t ehspe_ctra ra]\re all quite S|m|r?r. € rgctlon 3 co ﬁt
termine line-shape details. This data shows that while th&0Ms showing thé& resonance, however, dropped as the

cobalt d1/dV spectrum depends strongly on the energy ofcoverage was increased. The fraction of atoms showing the
tunneling electrons, it is not sensitive to local electric-fielg €SONance in hep and fec regions was 60% for a 0.025-ML

gradients induced by the tip. It is thus unlikely that e ~ COVEragde 54% for a 0.05-ML coverage, 33% for a 0.2-ML

feature involves field-dependent phenomena, such as the mgoVerage, and only 14% for the1-ML coverage.
tion of loose adsorbates on the tip or surface.

Sample Voltage (mV)

I1l. DISCUSSION
C. Surface site and lateral dependence A. Overview

The line shape of thé&g resonance, however, does de- In order to interpret these spectroscopic results, we now
pend on the location of a cobalt atom within the unit cell of discuss the electronic structure of transition-metal adsorbates
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STM Spectra of Co Adatoms in H.B. Unit Cell
I FCC site 1
51 MM\/M |
a)\ L 4
%, 4f HCPsite i
; | W ]
B
S
L Wall site ]
Al % |

-100 -50 0 50 100
Sample Voltage (mV)

FIG. 4. STM spectra acquired for a single Co adatom positioned
on different sites within the Al11) herringbone unit celisee im-
ages in Fig. R The Kondo resonance remains the same for fcc and
hcp sites, but the Fano line shape undergoes a sharp change when
the adatom is positioned on a soliton wall. fcc-site and wall-site
curves have been vertically shifted by x40 % and —1.4
X108 S, respectively.

and how this is reflected in tunneling measurements. This
topic revolves around the subject of electronic impurity reso-
nances fors, p, andd orbitals. While an isolated atom has
sharp, long-lived energy levels, these levels broaden into
resonances when an atom approaches a metal sdffite.
Broadening occurs because an electron residing in an adatom
orbital can escape into the continuum of substrate electronic
states. This topic has been well studied, and the simplest case
occurs when the Coulomb interaction between electrons in
the adatom orbital is negligibleéhe “noninteracting” casg
Eigenstates of the resonance are then easily calculated within
the Anderson/Fano formalistfi2° Interpreting experimental
measurements of such a resonance, however, is complicated

Spatial Dependence Across Atom: Co on Au(111)

or WFﬁA_

r=4A

diidv (108 )
~> @

3+ 4

700 50 0 50 100
Sample Voltage (mV)

FIG. 5. Distance dependence of the Kondo resonance line shape
across individual Co atom& r” measured from the center of the
atom). Average spectra are shown for the STM held at the center of
a Co atom(0 A), 4 A from the center, and 11 A from the center

FIG. 3. Three images show the process of using atomic manipueach spectrum is averaged over 10 atoms, and all are measured
lation to move a single Co atom to different sites within the unit cellwith the same tip All three spectra have had a linear background
of the Au11)) herringbone reconstruction. STM spectra acquiredslope of —2.1xX 10 1 S/mV removed for viewing. Curves far
for the Co adatom at these different herringbone sites can be seenia4 A andr=11 A have been vertically shifted by 010 8 and

Fig. 4. (Derivative images are shown

1.8x10°2S, respectively.
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400AX400A’ balt adsorbates. Our notation has been chosen to correspond
. ‘{.J as closely as possible to previous theoretical treatments of
the Fano resonané@3®

B. Noninteracting impurity and Fano resonance

We first review the case of noninteracting impurity reso-
nancegi.e., those with no significant Coulomb interactidns
This is the situation one might expect when therbital of
an adatom hybridizes with a metal surface. A simple descrip-
tion of such a system is the resonant-level model, where an
electron is allowed to hop between the discrete atomic orbital
and the continuum of electronic band stafé€ The Hamil-
tonian is then

Ho=s,a’a+ Y, sicickt > (Va@lcetHe). (1)
k k

FIG. 6. STM images of the Adll) surface for different Co Hereeg, is the energy of an electron residing in the discrete
coverages of 0.02, 0.05, 0.1, anell ML. The crystal was held atomic statea removes an electron from the atomic staige,
between 6 ash 8 K during deposition and imagin¢Derivative im- ~ removes an electron from theéh band state, an¥,, is the
ages are shown hybridization matrix element connecting the atomic state to

the kth band state. From this Hamiltonian it is straightfor-
by the relative weighting of the matrix elements coupling theward to calculate the advanced atomic-state Green function
experimental probe to orbital and continuum components of
the resonance eigenstates. This problem was first addressed 0 1
by Fano, whose work explains the well-known spectral line Gaale)= e—[ea+ReXp(e)+ilm2y(e)]’
a 0 0
shape of a “Fano resonanceé®

The electronic behavior of an impurity atom, however, Where
becomes significantly more complex when a strong Coulomb
interaction exists between electrons residing in the impurity Res (8):2 v |2P( 1 )
orbital. This situation leads to a coherent mixing of spin-up 0 o Ak Tle—g, )
and spin-down orbital states, and results in the strongly cor-
related electronic behavior known as the Kondo effdata
remarkable simplification, however, it can be shown that IMSo(e) =72 [Vad?8(e —&4). ()]
spectroscopic measurement n&gr of a Kondo impurity is s
equivalent to the measurement of an effective noninteractinge genotes Cauchy principal vajJudhe Green function is
impurity state well described within the Fano formaliSi. yseful because it ieads directly to the atomic-state spectral

Here we will expand on these ideas and apply them towardensityp, (<), an experimentally relevant quantity,
understanding our local spectroscopic measurements of co-

@

1 0
pa(e) =~ IMGYy(e)

9 C'overage Deplendence of Adatom Spec‘tra: Coon All.|(111)
gl WO_DZME |m20(8)/77 (4)
2 7} N ~[e—{zat ReXo(e)} P+ [IMSo(2)
o
E 6r ) pa(e) describes the local density of states of the atomic state
2 5 m‘“ ML and, assuming®y(e) has little energy dependence, is a
© al ~mL Lorentzian resonance centeredsgt- ReXq(e) with a half-
o w ] width equal to InRq(e).
. . , . . In a tunneling experiment, a second electrdte tip is
-100 -50 0 50 100 added to the system and electrons are allowed to tunnel be-

Sample Voltage (mV) tween electrodes. These changes are reflected in the Hamil-

; ; iy N 19
FIG. 7. STM spectra measured over individual Co adatoms annlan by adding the termst’t+M to Ho,

the four different coverages shown in Fig.(®.02, 0.05, 0.1, and

~1 ML). The Fano _I|ne_ shape_ of_ the Kondo resonance is clearly |:|:8aaTa+E SkCle+2 (VakaTCk+ H.c.)

seen in each case with little variation. Curves for 0.1, 0.05, and 0.02 K k

ML have been vertically shifted by 131078, 2.8x10°8, and R

4.2x10°8 S, respectively. + sttTt +M. (5)
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Here the tip is modeled by a single state with enesggand

t removes an electron from that staké.is a transfer Hamil-
tonian term that induces electrons to tunnel from one elec-

trode to the other and is treated as a perturbafibrean be

PHYSICAL REVIEW B 64 165412

Fano Lineshapes: Tip Coupling Dependence

- __ngnoo .

expressed as follows:

M=(Mya't+H.c)+ >, (Mycit+H.c). (6)
k

M, andM,; are the tunnel matrix elements that connect the
STM tip to the discrete atomic state and continuum states, - i

respectively.
The STM tunnel current may be expressed I14¥)

=e(N,), whereN,=t't. This expression can be evaluated

di/dV (arb. units)
Q
E\
1

L 1
-100 -50 0 50 100
Sample Voltage (mV)

FIG. 8. Theoretical Fano resonance line shape for a resonance at

for the present system and put in a form that closely re€_ with half-width=6.5mV and a range of different parameters
sembles expressions derived in earlier studies of Fano respeq. (10)]. The =100 case corresponds to strong coupling be-

nance phenomer(see the Appendix for further detaijs
2e (=
|(V):inxdsptip(g)[f(s_ev)
—f<s>]-|m(zk Myl *gil(e) + GRa(e)[Ale)

+iB(s)][A*(s)+iB*(s)]}. (7)

Here py, is the tip density of states and

1

_—, 0;,
e—gx—Iny e

Okk(e) =

A(s)zMaka Mktvakp( ) ®)

E— &k

B(s)szk MiVakd(e —ey).

tween the tip and a discrete atomic orbital, and leads to a
Lorentzian-like line shape. Thg=1 case corresponds to interme-
diate coupling and leads to an asymmetric resonance.dr@

case corresponds to the weak-coupling limit and leads to a symmet-
ric dip at Er (an antiresonange (Curves have been vertically
shifted for easier viewing

A , eV—ea—ReXy(eV)
Ei

&= Im3y(eV) ’ (D

q:

andC is a constant term that depends on conduction-electron
states not coupled to the impurity. The atomic-state reso-
nance is thus manifested as a Fano resonandé/aV, the
STM differential conductance.

The line shape of the Fano resonance depends on the
“coupling parameter”q. Figure 8 shows a plot of Eq10)
for three values ofy. If qis large, the spectrum is Lorentzian,
while g=1 leads to an asymmetric spectrum and sngall
results in an antiresonance. The physical meanirggaain be
seen in Eqs(8) and(11). The g ratio becomes large when
either of the two terms in the numeratargrow relative to
the denominatoB. The first term inA describes direct cou-

If we treatpy, as a constant to reflect the broadening of thepling of the STM tip to the atomic orbital, while the second
tip state by contact with the remainder of the tip electrodeterm in A describes indirect coupling between the STM tip
then the low-temperature STM differential conductivity canand the atomic orbital via virtual transitions involving band

be found as follows:

dl 2e? S 0
= P M} 2 [Migf?gueV) +Gaa(eV)

><[A(e\/)+iB(eV)][A*(e\/)JriB*(eV)]] .
9

electrons. The second termAnis the Hilbert transform oB,

and so reflects any energy dependence that might be present
in B due, for example, to the bandstructure of the substrate.
If Bis energy independent then the second ter is zero.

If V,i is constantB simply gives the coupling of the tip to

the unperturbed local density of states LDOS of the metal. In
Fano’s original papet for example, theB term was physi-
cally interpreted as representing coupling between the ex-
perimental probe(the STM in our caseand unperturbed

As shown in Ref. 36 and the Appendix, this can be furthercontinuum LDOS. A large value af thus implies that the

simplified to the form of a Fano resonance,

dl 2e? . (e'+q)?
v V)= pu 72 [Migf?8(eV—ey) |+ C,

(10

where

STM tip is strongly coupled to the atomic orbitétither
“directly” or “indirectly” ), while a low value ofq implies
that the tip is more strongly coupled to the conduction-
electron continuum than the atomic orbital. The width of the
resonance in either case is 2 By, a factor that depends on
the intrinsic coupling between the discrete state and the
conduction-electron continuum.
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These results can be used to interpret resonance featuresUnlike the previous case of a noninteracting resonance,
seen in STM spectra acquired for cobalt adatoms. We firsthe Kondo effect arises when electrons in an impurity orbital
consider feature B” of Fig. 1, an 87+ 7-mV-wide resonance experience strong Coulomb repulsidithis occurs in thed
centered 5055 mV belowEg. The most likely explanation orbital of transition-metal impurities. If we consider a single
for this resonance is that it is an adsorbate-induced defed¢tansition-metal impurity having one spin-degenerdter-
state split off from the bottom of the AlLill) surface-state bital, then the Hamiltonian of the system must be modified
band. This bound state then hybridizes with continuum bulkfrom Eg. (1) to read
states. The energy location of the surface state band edge is
consistent with this picture, as it lies just 530 mV above N t Ty o4t t
featureB. Such phenomena are well known to occur in other H Z edd,do+ Ud”d”d_”d_"Jr;f #CkoCho
systems’ 8 An alternative explanation to featurd" is that
it directly reflects a cobalt atomic orbitéduch as al state. t
This second explanation is unlikely, however, since feaBure - gy (VardsCiotH.C). (12
is observed at the same energ., just below the surface- . . .
state band edgefor cobalt adatoms, copper adatoms, andHer.ed" removes an electron of spin from the impurityd
intrinsic Au-surface defects. The only common feature in aIIOrbltal andU represents the Coulomb repulsion between two

three of these cases is that the Au surface state undergoe§I ctrons of different spin in d orbital. Only one electron

local perturbation. We expect Coulomb interactions to pecan occupy thel orbital at energye, since a second elec-

minimal here since the defect state originates from the gol&ron’ with opposite spin, would have to enter at the increased

spband, and so the simple Hamiltonian described in @y, €nergyea+U (here we ignoret-level orbital degeneragylf
should be applicable. eq+U>Eg, then the spin of the occupied level is un-

The width of featureB then comes from the hybridization paired and the impurity is magnetic. Spin-flip processes in-

of the defect state with bulk conduction statesrrespond- volving the_un_pawed spin ther_l lead to a dense set of low-
ing to Im3,,). The resonance line shape is nearly LorentzianEN€rdy excitations that comprise the Kondo resonance and
meaning a large value of thg parameter. This might be have a haIf-ywdth ofkg T . The excitation spectrum ,Pf a.
explained by strong coupling between the STM tip and thd<ondo impurity thu; resu!ts in three resonances: two “bare
Au defect statdresulting in a large numerator farin Eq. 4 'ésonances on e|ther55|de'l5ﬁ ateq andeq+U, and the
(11)], as well as by low coupling between the Au defect statd<0ndo resonance & . This physics is reflected in the
and nearby continuum statesulting in a small denomina- 2dvanced impurity Green function

tor for g in Eq. (11)]. Such low coupling might be expected 1

between a split-off surface state and nearly orthogonal bulk Gyg(e)=
states below the surface-state band edge.

e—[eqtReX4(e)+ilm24(e)]’ (13
Ggy4(e) has the same general form as the noninteracting ex-
pression,Gga(s), but the difference lies in the self-energy
term X4(e). 24(e) includes the interaction effects not
TheEg resonance seen for cobalt adataffiesture “C"in - present inS (&) and is in general a complicated function of
Fig. 1) has a different physical origin than the band-edgeg. At energies neaEg and forT<T,, however3 4(¢) can
feature just discussed. This is seen first by the fact that thee written in the following simple forrf°
Er resonance is located far from the surface-state band edge.

C. Interacting impurities and the Kondo resonance

Second, theEg resonance occurs only for cobalt atoms, s T

whereas the band-edge resonance occurs for cobalt impuri- Im2.q(e) = 2" (14
ties, copper impurities, and intrinsic Au defects. Most impor-

tant, however, is the fact that the- resonance width is (e—a)l

significantly smaller than the width of the band-edge reso- ReXy(e)=e—eq— “2KaT,

nance. This is best demonstrated in the high-resolution spec-

tra of Fig. 2. Here the width is only 12 mV when measuredwherel is the full width of the barel resonance and is a
from the Steep central region of the resonance. This is Sigconstant shift that can arise due to other Orbitals, which we
nificantly narrower than the widths expected fer p-, or ~ have neglected.

even d-originated adatom resonances. Recent LSDA-based In order to understand tunneling measurements into an
calculations predict a-resonance width of the order of 100 interacting impurity, one must include the effect of the tip
meV for cobalt adatoms on ALi11).22% Careful theoretical electrode and tunneling processes in the Hamiltonian. Simi-
treatment of the single-particle excitation spectrum places CEr o the noninteracting case, this is accomplished by adding
adsorbatel-orbital features at least 900 mV frofx (mea- = ,(gt,'t,+M,) to the Hamiltonian of Eq(12) (the spin of
sured from the center of thatresonance?® We believe that the tunneling electrons must now be accounted fBine tun-

the best explanation for the experimentally obsentgd nel current can then be calculated identically as for the non-
resonance is that it is the Kondo resonance for a single magpnteracting cas¢Eqgs. (7)—(11)], except thatt (&) is now
netic impurity’® We now discuss how the details of such areplaced by3 4(s). This is allowed because the interaction
resonance can be theoretically understood within the Fanoccurs only on the impurity sitésee the Appendix for more
formalism. detailg. At energies neaEr and forT<Tyx we can substitute
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the expressions fat 4(¢) [Eq. (14)] into Eq.(11) to obtain a  dence in the spectra of Fig. 2. The electronic decay length of
narrow Fano resonance having half-wi#tf . The expres- a conduction band state and an impurityorbital are ex-
sion for the coupling parameter is unchanged from the pected to be different as one moves away from a suffaife.
non-interacting case. The Kondo resonance is thus mandirect coupling played a strong role in the tunneling process,
fested indl/dV as a narrow Fano resonance néar. De-  this should result irg decreasing as the tip is moved verti-
spite its origins in the physics of highly correlated electroniccally away from the impurity atom. Another piece of evi-
phenomena, spectroscopic measurement of the Kondo resdence for the importance of indirect couplifes pointed out
nance yields the same result one would expect for a narrovin Ref. 22 comes from the recent “quantum mirage” work
single-particle resonance ne&i-. This is essentially the of Manoharan, Lutz, and Eigler. In that work a Kondo/Fano
same result described in Ref. 10, except that tBgiEq. (8)] resonance with nonzemis observed at the empty focus of
was assumed to be energy independent, an approximati@n ellipsoidal quantum corral, opposite a focus containing a
that deemphasizes indirect-coupling contributiong.t8imi-  Kondo impurity. There is no possibility of a direct-coupling
lar results have also been obtained in other theoretical studigerm at the empty focus, yef remains nonzero for spectra
that emphasize indirect tip couplifg?® nonequilibrium taken at that pointand so must be entirely due to indirect
effects?* and temperature dependerf¢é® coupling. Dominance of the indirect-coupling term over the
The Fano resonance expression of EtQ) [using the direct-coupling term is not surprising, due to the tightly
self-energy expressions of E@L4)] can be fitted to the co- bound nature of thel orbital, which minimizes direct tip
balt spectra shown in Fig. 2. The spectrunRat2x 10 () overlap. The indirect contribution tpcan be calculated from
yields a Kondo temperature of 7% K and aq value of the terms in Eq(8) if the electronic structure of the substrate
0.60+0.05. The center of the resonance is located at 6.5 known. Some initial calculations have been performed that
+0.5meV aboveEg. No strong variation is seen in these extract values of| from a model electronic structufd.

parameters as a function of tip heigle., for junction re- The coupling between the STM tip and the impurdy
sistances of 1R or 10(R). The value ofT found here for  orbital varies dramatically with the impurity position on the
cobalt-surface impurities is significantly lower th@p val- ~ reconstructed AL11) surface. Fits made to the spectra dis-

ues measured for cobalt bulk impurites?’ (300-700 K.  played in Fig. 4 show that the factor changes from
Such behavior is not unexpected, since the overlap of art0.68+0.02 to —1.5+0.3 when a cobalt atom is moved
impurity d orbital with conduction states is reduced at a sur-from an fcc region to a reconstruction domain wél is
face compared to the bulke., from reduced coordination ~ also slightly raised These changes ig most likely come
This tendency is reflected in the approximate expres$ipn about from variations in the local electronic structure in-
xexp(—1/pJd), whereJ=|Vq,|2/min{|ey,|eq+U|} andp is the  duced by the herringbone reconstruction. Such variation
substrate electronic density of state®y is seen to depend arises from the influence of the reconstruction potential on
exponentially orV, 4, a term that links the impurityl orbital ~ two-dimensional surface-state electrons, and has been ob-
to conduction states and so is strongly dependent on impurit§erved in previous studiéé Variations in the tip-coupling
coordination. Other measurements for Co impurities on a Alparameter are somewhat less dramatic when the STM tip is
surface have been made using a weak localization techningoved Iaterally across the surface of an individual cobalt
and show an even lower Kondo temperaturélpf=19K.?®  atom. Fits to the spectra in Fig. 5 show the average value of
One possible explanation for the discrepancy in surfige d changing from+0.58+0.02 when the tip is held over the
values is that the weak localization measurements were pegenter of a cobalt atom te-0.30+0.01 when the tip is
formed on a disordered gold surface, as opposed to the weighifted 4 A off center. This reduction ig points to a lessen-
ordered crystal used here. ing of the coupling between the tip and the impuudtgrbital

as the tip is moved off center. Such dependence arises from

spatial variation in the matrix elemeM,,, as well as sub-

D. Impurity-tip coupling and position dependence: strate bandstructure.

The fit of Eq.(10) to the cobalt spectrum in Fig. 2 yields
information on how the STM tip couples to cobalt impurities
via the Fano 4" parameter. Becausg is of the order of 1,
significant coupling must occur between the STM tip and the It is striking that the cobalt-surface concentration does not
cobaltd orbital. As mentioned in the previous discussion ofhave a large impact on the Fano resonance line shape. The
Egs. (8) and(11), this coupling can have its origins in two overall percentage of atoms showing the Kondo resonance
different physical processes: direct coupling., direct over-  does decrease with coverage, but those atoms displaying the
lap between the tip and the orbital) and indirect coupling resonance in the hcp and fcc regions of the reconstruction
(i.e., coupling mediated by conduction electrpria Ref. 10  show no strong concentration dependence in their spectral
it was argued that direct coupling dominates, but more receriine shape. The lower percentage of atoms showing the
theoretical studies provide evidence that indirect couplingkondo resonance at increased coverage might be explained
plays a significan{and even dominantrole?*?® Here we by clustering of atoms. As the cobalt coverage increases,
argue that indirect coupling to the impurityorbital domi-  single-atom-like structures on the surface have a higher prob-
nates STM tunneling to the Kondo resonance and provideability of actually incorporating multiple impurities. It is
the main contribution taj. One of the strongest pieces of known from previous work that cobalt dimers, for example,
evidence for this behavior is the lack of tip-height depen-do not show Kondo resonanté.For atoms showing a

E. Cobalt density dependence and interactions
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Kondo resonance, the lack of strong concentration deperwork was supported in part by NSF DMR-9971690 and by
dence has two implications. First, it implies that impurity- the Director, Office of Energy Research, Office of Basic En-
induced surface-state interference effects do not play a sigergy Science Division of the U.S. Department of Energy un-
nificant role in cobalt Kondo impurity behavior on gold. der Contract No. DE-AC03-76SF0098.

While one does expect the Alll) surface state to be per-

turbed as the density of surface scatterers is increased, the APPENDIX

lack of any significant influence on the Kondo resonance
implies that cobalt impurities are not strongly affected by

these changes. Second, this behavior implies that indire o€ -
magnetic coupling“RKKY" coupling ©) between cobalt at- 1a2miltonian of Eq.(12). To explicitly reproduce Eqs7)—

oms is not significant at the surface of gold. One expects thdf'L): Substitutea for d, let U=0, and remove the sum over
strong RKKY coupling between cobalt atoms would lead tospins. We begin with(V) =e(N,), whereN,= 3 ,t't, . This
spin-glass behavior and modifications to the Kondo effeccan be reexpressed in the following manner:

from impurity-impurity spin interaction$** The lack of .

any significant density dependence i_n Kondo be_havior for I=e<Nt>= E([H,NJ}

our data implies that the RKKY coupling energy is smaller fi

than the Kondo binding energykg£Ty). This behavior is ie

consistent with a previous experimental study of cobalt :__[E (M(cl t)—H.c)

dimers!’” as well as theoretical studies of the short-range h| %

character of impurity spin-spin interactiofs.

Here we derive Eqg7)—(11) for the more general case of
n interacting impurity #0), as represented by the

+2, (Mg(dlty—H.c)
IV. SUMMARY G
. . T t ; :

In conclusion, we have used a cryogenic UHV STM to{Ck,t) and(d,t) can be expanded to leading orderhhto
investigate the local electronic structure of cobalt atoms adcalculate STM tunnel current using Fermi's Golden rule.
sorbed to A@111). We find two distinct resonances, one near 1his gives
Er and the other just below the surface-state band edge. The 2ie [«
band-edge resonance i_s believed to be a Au defect state, buf = — TJ de pyp(e)[f(e—eV)—Tf(e)]
the Eg resonance is believed to be a many-body Kondo reso- —
nance. The Kondo resonance does not change significantly
with tip height above the cobalt atom, but it does vary with X
atom placement on the Alll) surface and with lateral tip
position relative to the impurity center. The surface concen-
tration of cobalt atoms is observed to have little effect on the * a r 2/ ~a r

+ 2, MM g(Ggq—Gig) +|M Ggq— G .
details of the Kondo resonance. We show theoretically that ; aMad Ga= Gied) * IMal*(Gda~Caa)

> MktM:,gGE,k—GL,kH; MM 5( GG — Gl
kk’

impurity resonances observed via STM spectroscopy are, in Ha Ha

general, a class of Fano resonance. This is true for noninte[€€Ggq andGg are the full advanced and retarded Green
acting resonancegi.e., impurity orbitals with negligible functions between band statse continuumandd orbitals
Coulomb interactionsas well as for strongly interacting im- (discrete statgsin the absence of coupling to the STM tip.
purity resonanceé.e., orbitals with significant Coulomb in- Because interactions occur only for electronsl orbitals,
teractions. Using the Anderson model we show that tunnel-the Green functions involving band states can be factored,
ing into a strongly interacting impuritgl orbital should lead Grla—y . glagra

to a narrow Fano resonance n&, which is a reflection of dk = Vakda Gk -
the Kondo resonance. As with the case of noninteracting im- Ga=qllas  + V.V g2 Gllagha

purities, the line shape of the Kondo/Fano resonance depends k™ Gk O T VakVawe Gy i P dd Gk -

on the degree of coupling between the STM tip and the imHereg[}? are Green functions of band states unperturbed by
purity d orbital. This coupling can be either direct or indirect, the impurity, so all interactions are contained@{;’j‘ (with

butitis argued that indirect COUpIing dominates for cobalt ONgn extra factor of 2 for Sp)n This leads to the conductance
Au(111). This explains the lack of tip-height dependence ofexpression of Eq(7)

the cobalt spectra and, together with the surface electronic

structure, forms a framework to explain the spectral depen- |— de (= d ‘ ‘

dence on impurity-surface location and lateral tip position. - e pip(e)[fe—eV)—T(e)]

The cobalt concentration dependence of the Kondo reso-

nance implies atomic clustering at high coverage and weak .
RKKY coupling between cobalt impurities. xX1m ; Ml 2gf(e) + Giq(e)[Ale) +iB(e)]
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and

e—

A(s>=Mdt+Zk MktvdkP(

B<s>=w2k M Vgd(e —ey).

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

PHYSICAL REVIEW B 64 165412

dl  4e?
V=7 e 2 IMil*o(eV=z)

IB|?  g?—1+2qge’ cosé
Im=4(eV) 1+¢'? '

If no magnetic field is presenf and B are real, so cog
=1. The sum in the first term of the expression &/rdV
can be separated intostates that couple to the impurity and

G2 (g)= 1 k states that do not couple to the impurity. The latter form a
dd\ &) e ReSq(e) +i ImS4(e)] constant background. For a single-band model the contribu-
_ tion from k states that couple to the impurity is exactly
and define
BI?
SIZeV—sd—ReEd(eV), |m2d(e\/)
Im 2 4(eV) This results in the classic Fano expression, @) (but with
A an added factor of 2 for spin
q i0__
B dl 4e? . (e’ +0q)2
()= — . 2 _
This gives gv (V)= 7P 2 [Myl?o(eV=e) |37 +C.
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