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We report on a fully nonequilibrium theory of scanning tunneling microso@WM) through resonances
induced by impurity atoms adsorbed on metal surfaces. The theory takes into account the effect of tunneling
current and finite bias on the system, and is valid for arbitrary intra-adsorbate electron correlation strength. It
is thus applicable to recent STM experiments on Kondo impurities. We discuss the finite-temperature effects
and the consequences of atomic scale resolution of the STM for the spectral property of such systems. We find
that the tip position affects the resonance line shapes in two ways. As a function of the distance from the
surface, the line shapes vary due to the different extents of the adsorbate and metal wave functions into the
vacuum. However, we do not expect large variations in line shapes unless tunneling into the tightly bound
adsorbate states is considerable, or nonequilibrium effects are significant. As a function of the lateral tip
position, line shapes should not change significantly on length scalRs<af0 A under typical experimental
conditions when the electrons tunnel into the perturbed bulk conduction states hybridized with the outer shell
sp adsorbate orbitals. Tunneling into surfaces state€lad) surfaces of noble metals should be important for
an observation of resonance at larger distarice’0 A), and oscillatory variations in the line shape should
develop. This long-range behavior was not resolved in recent experiments with Kondo impurities. The tem-
perature dependence of the Kondo resonance cannot be deduced directly from the differential conductance, as
the thermal broadening of the tip Fermi surface produces qualitatively similar effects of comparable and larger
magnitudes. A careful deconvolution is necessary to extract the temperature dependence of the Kondo reso-
nance. The finite-bias current-induced nonequilibrium effects in tunneling through Kondo impurities should
produce a characteristic broadening of the resonance in the case of strong hybridization of the discrete state
with the STM tip.
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I. INTRODUCTION a field emission microscope configured for energy analysis
(thus enabling electron spectroscopyf the field-emitted
A considerable body of experience and wisdom within theelectronst®>~1’Many years later, useful parallels between the
area of solid-state tunneling phenomenon was built ugheory of single atom-resonance tunneling developed in the
throughout tunneling’s “golden era of the sixties.” It was “golden era” and the theory of the STM, in the single-atom-
during this period that many of the defining fundamentaltip limit, were unambiguously establishétiFurther discus-
ideas, basic theoretical strategies and methodologies, arion of these issues from the past will be offered throughout
broad scope of applications for tunnel structures were firsthe text, when appropriate. _ _
realized. A general introduction to many of these achieve- The basis for continuing interest and excitement in
ments can be found in a number of ComprehenSivémpurlty/adsorbate—ass|sted tunneling is that the transparency
volumes!=3 and in the Nobel lectures of Esaki, Giaver, and of tunnel junctions can be dramatically enhanced by the pres-

Josephson, who were awarded the 1973 Nobel Prize in Phyg_nce of states localized within the barrier when they are in

ics for “their (independentdiscoveries regarding tunneling :rsi?:?\nz?actisvﬁh ft:reet)l::nqell'ggtﬁée%trrio?ns'o?mgeggg dtuhcr%%%g
phenomena in solids.® It is against this background that . ’ bie, rgin.
fluctuations quantum dots exhibit in the Coulomb

agtpgnding aghievements in (':ontempor.ary tunneling Stu.dielﬁockadel.9 The tunneling probability in the presence of a
utilizing the single-atom spatial resolution of the scanning.p - rier” state is proportional to the spectral density pro-

tunneling d_’[r;écroscope (STM) are most meaningfully y,caq by the hybridization of a localized state with the con-
considered.™ One phenomenon of key interest here whichy,ction electrons, and in many situations the current is given
was first considered in the “golden era” is that of impurity/ by the Breit-Wigner formula

adsorbate-assisted elastic tunneling. Two bodies of work are
particularly relevant to the present study. The first is the 2
recognition by Appelbaunet al. of the possible role of the I (0— )21 (T12)2" (1.1

_ . . . 0
Kondo effect'*® in determining certain current-voltage
characteristicge.g., “zero-bias anomalieg”of metal-oxide- Herel  is the width of the resonance produced by the hybrid-
metal tunnel junctions containing localized paramagnetic imization with the conduction electrons in the right and left
purity states near the metal-oxide interfat&Second are the leads, and, is the energy of the local state. The valuelof
resonance tunneling studies involving valence electronic levdepends on the height and width of the barrier potential be-
els of single atoms adsorbed on metal surfaces, as probed tween the central region and the leads.
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Recently, enhancements in the zero-bias conductance tfre into the continuumby the matrix element,, then the
quantum dots due to the Kondo effect have been obséfved.jine shape detected has the form
It was shown earlier thatd(/dV), the zero-bias differential
conductance, is proportional to the Fermi-level density of
states of the Kondo resonance on the quantum dot. Similarly, [
the Kondo resonance was spectroscopically observed on
single magnetic impurities adsorbed on metal surfaces using
the STM?1?2 However in the case of spectroscopic STM whereq=t,/(27Vt,), with V being the hybridizatior(or
experiments, the resonance at the Fermi level appears to ha@) matrix element between the local state and the con-
an asymmetric shape and cannot be interpreted simply itinuum. The latter coupling results in the discrete state ac-
terms of the local density of states of the impurity atom.quiring a widthI'=2m7pV? (p. is the density of continuum
Rather, the electron tunneling current—being a coherenstates.
quantum effect—is a result of interference between compet- In the present paper, we consider the problem of a dis-
ing tunneling channels, as will soon be detailed. Unlike in acrete state embedded in a continuum, using a probe such as
guantum dot, where the tunneling can take place with appreghe STM that has an atomic scale spatial resolution. This
ciable magnitude only through the quantum dot region, thevork was motivated by recent STM experiments involving
apparent tunneling current from the STM tip to the surfacesingle Kondo impuritie$l?2 The resonance observed in the
can either go through the resonance localized on the impuritgonductance was interpreted by the authors in terms of the
or directly into the conduction states of the surface. The disFano interference. The fit of the resonance to the Fano
tinction between the conduction and local states will be disformule?>—generalized to the case where intra-atomic Cou-
cussed later. The notion that the tunneling conductance imb interaction on the impurity is taken into account—was
proportional to the local density of states near the STM tipbased on the assumption that tunneling into an Anderson
must then be modified. impurity can be extended to include tunneling into the con-

In addition to its most common use for observing andtinuum in a straightforward way. Upon further consideration,
determining atomic geometrical structure at surfaces, th& appears that this generalization of the Fano result to the
STM is used as a sensitive probe of surface electronic strucase of STM conductance is not as straightforward as was
ture. Various theoretical approaches to STM conductancpresumed. In the present paper we obtain a more compli-
employ the tunneling Hamiltonian introduced by Bard@en cated expression than the elementary Fano formula, one
and golden-rule-type expressions in which under certain limwhich accounts for the correct asymptotic behavior for large
iting conditions of practical interest the STM conductance istip-impurity separation. In particular, when the dependence
indeed determined by the surface density of electronic statesf the probe’s distance from the local state is properly in-
near the STM tig*?° Tersoff and Hamarft developed a cluded, then observable consequences of the local-state ad-
widely used model of the scanning tunneling microscope thamixture with the conduction electrons show the correct
includes three dimensionality and the spatial resolution ofisymptotic long-range behavior in the large tip-to-impurity-
the tip. separation limit, as they obviously should.

The generic problem of a discrete state interacting with a The difference between the Fano line shape and the result
continuum of states arises in many different areas of physicebtained here is due to the different nature of the probe in the
and chemistry?® In condensed-matter physics a frequently “multicenter” STM configuration (one ‘“center” on the
occurring realization is the electronic state of an impurityimpurity/discrete state, the other on the STM tip/probem-
atom immersed within a host lattiéé?®In the case of mag- pared with the “single-site” atomic physics processes.
netic impurities, the interaction gives rise to nontrivial phe-While Fano was concerned with light absorption or electron
nomena such as the Kondo effétt!® scattering, where the system under study was always at the

Within the context of atomic physics, Fano discussed reprobe’s focus, the outcome of STM experiments must de-
lated effects, as they might appear on observable absorptigrgend upon the variable spatial position of the pr@i® with
line shapes or resonant electron scattering cross sectiomgspect to the discrete state under investigation. Put another
which are due to the configuration interacti¢€l) that  way, for the atomic physics applications considered by Fano,
couples a discrete two-electron excited atomic state with &oth the discrete state coupled to the continuum and the ini-
continuum of ionization stateS:**While the “natural” line tially excited decaying or autoionizing statthe “probe”
shape of the resonance is Lorentzian, when studied by estate in our STM languagere atomic states spatially local-
periments in which an external probe interacts with the sysized at the same site by the same atomic central potential. In
tem, the resonance can appear to have an asymmetric lim@ntrast, the Sscanning in STM assures that the tip, and
shape. Such line shapes are referred to as Fano resonandaesnce the initial excited state, can be independently located
Fano found that an asymmetry in absorption line shapes iwith respect to the position of the “discrete state coupled to
due to interference between the excitation or decay into Clthe continuum,” and it is this extra degree of freedom that
mixed discrete and continuum states which both couple tenriches the potential information content in STM line-shape
the external probe. If the coupling between the probe andénalysis, but also requires a much more detailed theoretical
continuum is expressed in terms of an energy-independemteatment than merely fitting the atomic physics Fano line
matrix element,, and the interaction between the probe andshape[Eqg. (1.2)] to position-dependent STM spectra. This
the localized statéwhich has already been diluted by admix- will be expanded upon in depth later. This realization dem-

[9+2(w— 60)/F]2
1+ [2(0—e)IT T2

1.2

085404-2



NONEQUILIBRIUM THEORY OF SCANNING TUNNELING . .. PHYSICAL REVIEW B 63 085404

onstrates the importance and crucial need for considering thend conduction states. The second term in @ql) corre-

measurement process in quantum-mechanical observationsponds to the intra-atomic Coulomb interaction between
The structure of the paper is as follows. In Sec. Il, weelectrons in the impurity staté, . If the renormalized energy

introduce the model of the system, and discuss our approxie, lies within the conduction band, the bound state broadens

mations. In Sec. Il and the supporting appendixes, we deinto a resonance which in the wide-band limit with which

velop the general nonequilibrium theory of STM tunneling U =0, has a Lorentzian shapgg. (1.1)].

current and conductance in the presence of an adsorbate-

induced resonance. In Sec. IV, we illustrate the predictions B. Interaction of the system with the STM tip

and consequences of our theory on two models for the ad-

sorbate: the nonmagnetic and Kondo models. When the STM tip is brought near the impurity, electrons

can tunnel between the tip and the adsorbate state. This situ-

Il. MODEL AND APPROXIMATIONS ation is expressed by adding an interaction term to the

Hamiltonian:
Models of scanning tunneling microscopy are abundant in
the literature of the last two decades, and standard texts _ T
' H.(R;,Ro)= tan(Ri,Rg)CaCp+H.CL. 2.2
exist/~1°We approach the problem as a nonequilibrium pro- aRe.Ro) % {tap(Ri.Ro)CaCp (22

cess, and discuss the corrections to the Tersoff—Haman.P
formulation®* Our intent is to develop a theory under general
and self-consistent assumptions that accurately captures mdsp

of the qualitative aspects involved, and do so in a way tha{'plfR;hE(RS’”_lzl\ZAt)' refTrznceld tto a qum?n Ot”?'n' ith t ;
make extensions to more realistic calculations formally e coupled only to a discrete staté with transter

straightforward. We focus on tunneling through adsorbatfm_plm"deta th_en the conductance would, n the wide-band
resonances. Throughout this paper, we adopt the conventigfinit (tap=ta. independent op), be determined by

that the energies are measured with respect to the respective r

Fermi levels of the substrate and tip unless specified other- Goc|ta|2 5 >,

wise, and set = 1. When the tip is biased, we explicitly shift (0—€o)*+(I'/2)

the tip energies. and the conductance would thus be directly related to the
impurity density of states. This is reminiscent of the defining
A. Model of the studied system characteristics from field emission resonance tunneling spec-

We consider a system which consists of a clean meta”i&r_oscopy, i_n which tunneling from the substrate to vacuum is
surface with a single impurity atom adsorbed on it. The STmdISProportionately —smaller ~than that from "good
will be used to study the system by means of tunnelingadsorbateé- ““However, since in the STM geometry tun-

through a resonance produced by an electronic state of tHeling directly between the tip and the metal surface can be
impurity, such as the Borbital of Ce/Ad111) (Ref. 22 or comparable tdor in excess gfthat between the tip and the

3d orbital in Co/AU111).2' Unless otherwise noted, we impurity, the cqnduct_ance _exhibitsamo_re complex behavior
place the origin of the coordinate system at a point on thdhan that ofaswn_ple impurity local density of states. We take
surface of the metal directly below the adsorbate. This mearfiCh Processes into account through

that the position of the impurity iRy=(0,0Z,). The system

Witho_ut the probe is described by the degenerate Anderson Hg Rt)=2 {tkp( Rt)clcp+ H.c}, (2.4
Hamiltonian pk

he tip states are denoted by subscppThe transfer matrix
depends on the position of both the adsortEend the

2.3

where the tunneling matrix elemety, depends on the posi-
Hy(Ro)= > €o(Ro)Cicat >, U(Ro)Nana+ > ecClCia  tion of the tipR;.
a ka

a>a’

C. Model of the STM tip

An important property of the tip is its spatial resolution,
, _ _ , as discussed in great detail by many:2432-*4we will con-
Here e, is the energy of the impurity staig,(r), which we  giqer the tip to be well defined and terminated by a single
assume may be a multiplet of states described collectively byom through which the tunneling predominantly takes place.
the quantum numbea=(mo). In the simplest cas@ cor-  Ths is thes-wave model of Tersoff and Hamarhsee Fig.

responds to the spim, but it may also include the orbital 1 The important features are the followingg) the tip
degeneracyri) in more complicated cases. In this paper, Weyamiltonian is

discuss at most spin-degenerate states wittr andN=2

(degeneracy By c; we denote the creation operator for this s

state. ¢, is the conduction-band state energy—independent Ht:Ep €pCpCp (2.9

of o in the absence of magnetic field—wit, being the

creation operator for the corresponding Bloch state withNherec,T) creates an electron in the statg(r) with energy
symmetry(spin) a common with the impurity state, and,, €, measured from the Fermi level of the tig,; (b) when

is the matrix element for hybridization between the impuritythe tip is positioned near the surface, tunneling into and out

+ kZ {Via(Ro)ClaCat H.C}. (2.2
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. (in the coordinate system of the metaf the adsorbate state
STM tip a in the case olv,, or the tip wave function in the case of
tp- Matrix elements of this type have been the focus of

R intense study in the context of charge transfer processes at
- — surfaces?> 40 _ o
o e The energieg, of the metal electrons are written in terms
§ Lap, of the perpendicular and parallel components RS €
g t Z, T € We follow the convention thatk” is measured from
oy =2 the bottom of the two-dimensional band a#d is measured
Z?Vf. H with respect toers. For example, for the jellium model we

: : write €, =k;/2m5 —D and ¢ =kf/2m} , where (-D) is

R, Surface the energy of the bottom of the band with respect to the
Fermi level. The Bloch states can generally be written in the
relevant region outside the metal as

FIG. 1. Schematic picture of the STM.
— A Kn ik

of a statey,, can take place(c) the states are filled up to the Yrlr)=e Szu”ku(p’z)e e 28
chemical potentialer; controlled by the bias{d) the tip
states are characterized by a density of states); and(e)
the asymptotic form of the tip eigenstagg in the vacuum
region extending toward the metal surface is characterized b
the atomic orbital of the apex atom. The wave functign
can be found based on simple physical arguments witho
solving the complete problem. b, is the work function of

the tip andkx,= 2m{ (4~ €p), then, following Tersoff and
Hamann,

wheren is the band indexunku(p,z) is a function weakly

dependent orz outside the surface and periodic jn the
ectron coordinate in the plane of the surface. This form is
qually valid for the metal band-gap surface states that have
Jiome to seem ubiquitous to STM studies @rll) noble
metal surfaces.

For jellium, unkH(r) is constant, and the metal states are

then simply plane waves along the surface with exponen-
tially decaying amplitude into the vacuum. Here,
=2mf (s €ni ) = /2mE (s €nict €ni ), With m* the
metal electron effective magaumbej and ¢, the height of
the tunneling barrier for a Fermi-level electron. For bias volt-
'ages much smaller than the work functiahy, is equal to the
metal work function. We omit the band indexn the rest of
the paper. We also defir?eojl: V2mZ (¢s— w), where the
(ﬁnergy factor ¢s— w) represents the effective tunneling po-
ential barrier for an electron with energy. For small bias
'%/voltages, w~0, and we can replaca,, which depends

expl— k)
() Re R,

(2.9
whereR is the radius of curvature of the tip about its center
which is located at the origin of this “tip-defining” coordi-
nate system. While Eq2.6) represents an $wave tip,”
more generallyy, would carry whatever symmetry was pos-
sessed by the relevant atomic orbital centered at the fti
apexi®®32The wave-function tail, controlled by, depends
on the bias and tip-surface separation. Both factors modi
the height of the vacuum barrier, and hence the effectiv -

work function ¢ determiningx. These modifications can be The integrand of the matrix elemerfg. (2.7)] is well

essentially included by renormalizing the wave-function tails . .
and the densities of states by position- and energy-dependelﬁf:ahzed outside the surface where the Bloch states are of

factors via the tunneling matrix elements. We discuss théhe form of Eq.(2.8): We can shift its arguments* and ap-
tunneling matrix elements next. prOX|mate.the matrix elgments bM!(|(R|)'2MOl/Ik(R|),
whereM is the overlap integral, defined in E.7), that

contains the dependence of the matrix element on the sym-
metry of the atomic orbitals near the tip. We then wiitg,

An important role in our formulation is played by the as
tunneling (hybridization) matrix elements/,,, t,,, andt,,
since they include the dependence on electronic structure and Via(Ro)=Va(Zo) ¥ (0), (2.9
the tip and adsorbate position. . )

We begin with the discussion of the matrix elemevifg ~ WhereVa(Zo)=Vee “0™. In the case of the tip-to-surface

andt,, that contain the metal wave functiong(r). They tunneling matrix element,, it is convenient to isolate the
have the form k-independent part of itz dependence defined ds(Z;)

=toe %/, and write the matrix element in the form

MkI(RI):J d*r g (Nug(RYI(r—=RY), (2.7 tkp(Rt)ztc(Zt)eZt”‘w:(Rt). (2.10

eakly on energy in this range, by its Fermi level value

D. Approximations for the tunneling matrix elements

wherevy, is the potential representing the mutual interactionWe note that thes-wave tip-to-surface tunneling matrix ele-
of the two systems. The wave functigi(r) is a Bloch state mentt,, was shown by Tersoff and Hama#runder quite
of the unperturbed metal, anl(r — R,) is the wave function general assumptions to assume the form of @dL0 with
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the tip wave function given by E@2.6), which indicates that tip states. The time derivative is found from the Sclinger
our simple qualitative arguments are supported by a morequation of the total Hamiltonian of the tip-substrate-

detailed analysis. adsorbate systerd ,;=H¢+H;+H,+Hg. Since the number
The tip-to-impurity matrix element operator commutes withlg and H,, the only contribution
comes from the interaction ternk$,; andHg,, and the cur-
tap(ReRo)= [ % Y (1= ROva(riR Ro)alr =Ry 1eN1S
(2.11 2e + + ]
l=—1Im tplCr(t)Cp(t))+ 2, ta(Ca(t)cy(t))
depends on the position of both the adsorbatg) (@and the h % ol (1)) % an{Calt)Co(1))
tip (Ry). Since tunneling from the tip takes place predomi- (3.2

nantly through the apex atom, the matrix elemept will
reflect the symmetry and spatial dependence of the stat
localized on the adsorbate and in the tip apex. Withand
¥, appearing in Eq(2.11), both atomiclike functions in the
relevant region of overlap centered respectively on the fi
and on the adatom, in a broad senggis similar to a com-
mon two-center hybridization/hopping integral defining the
binding in a diatomic molecul&-*? Based on this analogy
from quantum chemistryt,, given by Eq.(2.11) should take
the form

where we omitted the arguments tig, andt,, for conve-
¥ience, and used the relatiogy=ty, andt,,=tg, . We write
the arguments explicitly only when we wish to emphasize
their dependence. We define the time loop Green’s func-
Rions Gpa(t,t')= —i(TCcp(t)c;(t’)) and  Gp(t,t")
=—i(chp(t)cl(t’)>, where T orders the times along a
contour C in the complex time plane. The contour can be
taken to be the Kadanoff-Baym contdlirthe Keldysh
contour®® or a more general choice. The discussion of non-
equilibrium Green’s function is available in standard books
tap(Rt,Zo)Ntae_lR‘_Z"TZ"“Eta(Rt,Zo). (212  @nd review articled}=4° and we refer the reader to these
references for further details. Our notation follows closely
Here o 1~[ k,+\2m(¢ps— €o)] is an effective decay con- that of the more detailed discussion in Ref. 47. In the present
stant evaluated for states at the Fermi level of the [ff;  paper, we are mainly interested in the steady-state tunneling
—~Zoi,|= m is the tip-to-atom separation, as currgnt(time independent and therefore we work with the
depicted in Fig. 1, wherR, is the parallel component ;. Fourier transformed quantities in frequency rather than time
The decay constant, depends on the energy of the tip state SPace. The current can be written as
(€p), but this dependence is very weak for small biases con-

. . . . e 0
S|dereq here and we neglect it. In th|§ case, the matrix ele- | _ _|mf do 2 tkpG,fk(w)JrE tapG<a(w)
ment is well approximated by the-independent form h —w kp ap
ta(R;,Zp). The matrix element, may be taken as real. (3.3

lIl. NONEQUILIBRIUM THEORY OF THE TUNNELING where G,jk(w) and G‘fa(w) are the Fourier transforms of
' a(t.t)=(cl(t)ep(t)) and Gpy(t,t’)=(ci(t")cy(t))—

CURRENT AND DIFFERENTIAL CONDUCTANCE the analytic pieces on the real-time axis of the Green’s func-

The tunneling between the adsorbate-metal complex andtons introduced above. Equivalently, the current may be cal-
biased tip is a nonequilibrium process. Although in this pa-culated from((dns/dt)+(dn,/dt)). It is easy to see that
per we frequently make the assumption that the tip-systerthis approach also leads to Eg.2).
interaction is weak enough so that local equilibrium is main-  The problem of finding the current thus reduces to finding
tained to a good approximation, the assumption is less valithe “lesser” Green’s function& 5, and G, . This is done
when the tip is near the surface. For this reason, we developsing the equation of motion method for the time-ordered
our theory of the tunneling process within the Green’s functions in Appendix B.

Keldysh-Kadanoft>** framework for the nonequilibrium We substitute solutioriB4) and (B9) for G,, and G
Green’s functions, and discuss the nonequilibrium correcfrom Appendix A into Eq.(3.3), and write the tunneling
tions. current in the form

A. General expression for the tunneling current in terms of

|:§|m fw dwY, {GR (0)T5, (o)
nonequilibrium Green'’s functions h pp’ p'P

- pp
We define the tunneling current as the flow of electrons < A
through a closed surface around the tip. It is expressed in GPP (w)TP p(w)} 34
terms of the continuity equation as where theT,, (R;,Ro,®) matrix for scattering of the tip
electrons from the adsorbate-metal complex is defined by
| <dnt(t)> 3.1
=-e , .

dt

Tppr:; tkaEtkp’_'—; tpaGa tap/+2k Vachk)tkp’ y

where nt:Epc;cp is the number operator for the tip elec- 3.5
trons, and the brackets signify the ensemble average, which '

in the local equilibrium case is the thermal average over thevith
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common point and a difference in the corresponding Fermi

Via=Viat 2 tkpthpa (3.60  functions. Kawasaka and co-workdf<'® who studied the
P STM current through a Kondo resonance, used as a starting
and point of their considerations the Tersoff-Hamann
expressioff
Tpa:tpa+2k tkaEVkaa (3.7

leq“J do[fi(w’)—fs(w)]p(0’)psa Ry, ) (3.11)
the hybridization and tunneling matrix elements for the ad-
sorbate modified by the tip-substrate interaction. The matrl)étccording to which the current at zero temperature is related

Tpp Incorporates the properties of the tip as well as thg, e |geq) density of stated. DOS) of the adsorbate plus

adso.rbate intq the expression for current. We discuss itﬁwetal electrong.(R, ,w) at the position of the tip, where
physical meaning more in Sec. 1l B. the local density of states is

B. Tunneling current at large tip-surface separation

1
We define the equilibrium tunneling current as the large psa( R, 0)= = —IM(R{|G™(w)[Ry). (3.12
tip-surface separation limit of E@3.4) when the tip and the

adsorbate-substrate complex are each in local equilibriumrne | DOS is expressed in terms of unperturbed metal and
This is equivalent to keeping only the lowest-order terms inagsorbate states by insertitig|k)(k|+|a)(a|(~1) on both

tkp @ndtpa. In our formalism, this is achieved by replacing sides ofG in Eq. (3.12. This is strictly valid only for or-
Gpp/—>G35pp, in Eq. (3.4) andV,,—V,, in Ty, and by  thogonal orbitals{a|k)=0. The four resulting terms, propor-
using the fluctuation-dissipation relation G~ (w) tional to G,, Gya, Gak, andGyy , reflect the fact that the
=f,(w)pi(w). The subscript stands for the tipt(), adsor- LDOS includes both adsorbate and metal states perturbed by
bate @), and metal §), respectively. The adsorbate is in their mutual interaction. Inserting this expansion into Eq.
equilibrium with the metal, i.e.f,(w)=f(w). The matrix  (3.12 gives, forpgs(R;,w),

Top is expressed entirely in terms of the Green’s functions

of the system and the tunneling matrix elemeptsandt,,,. 1 R - .
Since these matrix elements reflect the symmetry of the apersa= — ;Im[ 2 WalPGE+ 2 G + 2 G

atom wave function, but are only weakly dependenpam @ ka ka

the energy scale of the resonance width, the matgix will
also have this property. We therefore make an additional +2 wk,GE,kzp’k‘], (3.13
assumption thak ,GoT o~ (= ,Go) Ty, where Kk’

o ~ ~ where the wave functions are evaluatedrat
Ti= % tokGitipt ; tpaGatap (3.8 Comparison of Eqg3.13 and(3.11) and(3.8) and(3.10
shows the difference between our equilibrium limit and the
is only a function of the atomic tip orbital independentpof — transfer Hamiltonian metho@?® The tunneling current and
We define a tip-specific quantity observable by the STM differential conductance in the equilibrium limit provides in-
which is related to the local density of states formation aboufps,—a local density of states modified by
the tunneling matrix elements—rather than the LDOS. In the
case when the tunneling takes place into distinct orbitals with
different symmetrypg,; can be rather different frompg, and
the statement that the STM is a measure of local density of
states must be understood in this context.
o6 (= We now evaluat®,in Eq. (3.10, and write the equilib-
quZWJ do[f(0')—fw)]p(@ Pl @), rium current using approximation2.9), (2.10, and(2.12
— for the tunneling matrix elements. We note that the approxi-
(3.10  mations do not require any specification of the substrate elec-
tronic structure. The final form of the current allows a dis-

wherep, is the density of tip states ana’ =w—eV, with V cussion of the tunneling resonances in terms of the well-
being the bias voltage. This equation is easily related to tra 9

e . . . : established Fano line shapes.
ditional formulations given in terms of an integral product of . L . .
. S L . We introduce quantities in terms of which the current is
an electron “supply function” multiplied by a tunneling or

transmission probability 3151 7when it is realized thefben, expressed. First, we define the “bulk” density of states for

: . o ) the substrate and the tip ag(w)=2d(w—€,) and p(w)
as defined here, already contains within it fgctowﬂt( ) —3 8(w—e.). The impurity width without the STM tip is
representing the role of the tunneling probability. p p

This expression has a form similar to the standard tunnel(-jeflned as

ing theories which express the current as a product of the )
local densities of states of the two systems evaluated at a I'ag(Ro, @) =2mpg(w)VZ(Ry). (3.19

1
PsalRi.Ro;0)= = —ImMT{(R;,Roj0), (3.9

and write the equilibrium currer,(R;,Ro,V) as
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The adsorbate perturbation on the local density of conductions that lead to Eq(3.19. We define a modified matrix
tion states at some lateral position between the tip and thglementt,(R,,R,;w) for tunneling from the tip to the ad-
adsorbate is discussed in terms of the unperturbed substraigrpate state as

Green’s function

() g (r') 315 ta=ta+ mteps AV, . (3.20

w—etin The second term represents a coherent process of tip-to-
: . : - urface tunneling, through-surface propagation, and surface-
We Qeflng two dimensionless quantltles. related to the rea?o-adsorbate ho%ping 'Iqhis is compplegel?/ isomorphic with
and imaginary parts of the Green’s function Fano’s coupling of an excited stateere the tip stade with

Gg(r,r’;w)zik:

ReG¢ (R,0;0) the originally discrete state “modified by admixture of states
A(R,w)=e?* (3.16  of the continuum.” The reader is enthusiastically directed to
mps(w) Fano’s original paper for further enlightenment on this point.
and We introduce the Farfd parameteq(R,,Ry;w) as
Im G4 (R,0;0) t
R,w)=—e/MN———— 3.1 = a
" ) Tps( @) 319 q Tt Vaps 3.2

These two functions carry the information about both theWe will see later that this definition af makes the expres-

;patial extent of th(_e metal electron pe_rturbation at arbiu?ary sion for differential conductance formally equivalent to the
in the surface region due to a localized perturbatiorRat Fano formula in certain limits. It is now rather straightfor-

=0, and also the spatial resolution of the tip, as we will S€€yard to evaluatd ... using Eas(3.8) and(3.9 in Eq. (3.1
later. We have included the exponential factsf* in defi-  agor rearrang%gt theg tgrn(ws' ) we (v;/r?te tﬂ'e( ICS)r.rent

nition_s (3.1, (3.17, and(3.18 becaus:_s we explicitly take le{R¢,Ro,®) in the presence of the adsorbate resonance as
the k-independent part of the exponential dependence on po-

sition to be part of the tunneling matrix elementsg(Z,),

ta(+Rt,Zo), andt.(Z;). We postpone further discussion of leq(RthOyV):%fw do pi(w”)
Gy (r,r',w) to Sec. Il E. -
Finally, we define a dimensionless quantity as the normal- , 2
ized density of the substrate states at a posiRcabove the X)) = f(w)]ps(@)mte(r)
metal surface: X Y(R;,Rg,), (3.22
+ . .
]}(R w):ezz/)\pS(Riw) :_EZZ/AImGO(RIRrw)' W|th
' ps(w) Tps(®) 31
. . e Y=t S {7~ %) im GE+ 2qy ReGE}.
The tunneling current, into a clean metal is given by the a 2
first term in Eq.(3.8). The currentl, for small bias ¥/ ¢, (3.23
<1) can be written with the above definitions in a familiar o i i
form In our approximation, the localized nature of the tip and the
adsorbate enters through the position dependence of
2e (= t.(Ry,Zo) and the substrate Green’s functi@y (R;,0;).
lo(Ry, V)= Ff do py(w’) The matrix element, gives an exponentially decreasing am-
o plitude with increasing tip-adsorbate distance, and the sub-
X[fw')— fs(w)]Ps(w)th(Rt) (R w). strate Green’s function gives decreasing amplitude due to the

phase difference between electrons enteforgleaving the
(319  surface at the adsorbate site and leavimgentering at (R, ,
Here, f((w) andf,(w) are the substrate and STM tip Fermi Z=0), and also due to the exponential decay of the tip wave
functions, respectively, and’=w—eV. The tip and sub- function with increasings,. We note that, in the wide-band
strate are assumed to have common chemical poteﬂﬂ’a| limit for the substrate and with the tlp near the surface above
= er,=0 at zero biag V=0, and we adopt the convention of the adsorbatef,~t,, since in this limit R&" and thusA
measuring the energies in the substrate-adsorbate complea&nish.
and in the tip from their respective Fermi levels at finite bias.  Finally it follows from Eq.(3.22 that the tunneling cur-
The biasV is measured with respect tg; and is defined as rent |4 is independent of temperature i, ps, and
positive when the chemical potential of the #p; is raised. Y(Rg,R;,w) are independent of energy in the relevant en-
The functionsp andp, are the substrate and tip densities of ergy range. Ifos shows a structure on the scale of the tem-
states, respectively. peraturel while p, is constant, the current will depend on the
The equilibrium current in the presence of the adsorbate isemperature of the tip only. The same is true forthe dif-
written by expressings,; with the notation and approxima- ferential conductance.
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C. Differential conductance in the limit of large into the resonance can be large enough to produce a signifi-

tip-surface separation cant nonequilibrium electronic population on the adsorbate,
since the time scales for electron dissipation from the reso-
(3.22 by differentiating it with respect to the bias, i.g, Nance into the metal gnd ti_p, _respectively, are comparable. In
—dI/dV. We do this here under the assumption that the biadis case, the fluctuation-dissipation theor@@: fspa is no
voltage is varied across a sufficiently narrow range so thafonger valid for the adsorbate Green’s function, and we must
the density of tip states may be taken to be constant. UndeSe the full nonequilibriunG; (o) instead off () pa(®) in

these assumptions the differential conductagiggis Eqg. (3.22. _ o _ .
Under these assumptions, we find it convenient to write

The differential conductance is obtained directly from Eg.

2e? (= , the total current with the nonequilibrium effects ag=I¢,
Ged Rt:Ro, V)= = ﬁwdw pi(w") + 6l non, Wherel o4 is formally given by Eq(3.22 and 1 noq
is
><( aft(w,))p(w)wtz(R)Y(R Ro:®) 2e
T 5 |Ps t t10, @), *
de ‘ Ol non=— T ; f_wdw 'n'zptpgthS

(3.29

and, for the clean metal, X (fsImGE+7G3)(q%+92), (3.26

262 (= where all adsorbate and substrate densities and Green’s func-
Go(R¢, V)= —f dw pe") tions are evaluated at energyand p; at o’ =w—eV. We
h J omitted the spatial arguments for simplicity. The bias depen-
dence enters through the self-consistent solution of the ad-
)ps(w)ﬂg(Rt) (R, ). sorbate spectral density,(w)=—(1/7)Im GJ(w) and the
“lesser” Green’s functionG; (). In the case of a nonin-
(3.25 teracting systeml{=0), the spectral density does not de-
) . pend on the bias and the only nonequilibrifmite biag
These expressions neglect any changes to the tunneling balfrect is given by the difference between the equilibrium

rier from the finite bias voltage. When these approximationsG< —f d the nonegquilibri density of
are not justified, the conductance must be obtained by differ- a.ed @) =Ts(@)pg(w) an © nonequribrium sty ©

o ; occupied state&§; (w), as featured indl .
entiating the expressions for the currdiigs. (3.22 and a non
(3.19]. This is always the case fdg, of Sec. IlIB when On the other hand, the spectral dengiyf«) of Kondo

nonequilibrium effects are important. systems itself de_p.en'ds on the bias. Thls meanslgaailso
contains nonequilibrium effects, and is different from the

- _ _ equilibrium current despite the subscript “eq” and its iden-

D. Nonequilibrium effects at stronger tip-surface coupling tical form. The effect of bias on the spectral function de-

We now generalize Eq3.22 for the equilibrium tunnel- pends on the tip hybridization with the discrete impurity
ing current—obtained in the lowest ordertig, andt,,—by !evel, and is similar to that of temperature fDY/_s Tk where
including nonequilibrium effects. The general problem ofit broadens the Kondo resonance. At larger biases the broad-
tunneling for arbitrary relative strength between the tunnel€ning increases further, and a second peak may develop at
ing amplitudest,, andt,, and the hybridization matrix/,, ~ the Fermi level of the tip, depending onzthe strength of the
and for finite bias is formulated in E¢3.4), but the expres- adsorbate-to-tip hybridization” ;= 2mpit; compared to
sion is quite complicated to evaluate in practice. In a typicall 4s=27psV2 for the relevant impurity orbital®®* In Fig. 2,

STM experiment, the tunneling matrix elemeimtg andt,,  for different bias voltages we show the spectral function and
are much smaller thaw,,. We can expect the nonequilib- electron occupation of the resonance for a model Kondo sys-
rium effects to be important when, at small separations, théem withI',; equal to~10% ofI",5 and under an additional
magnitude of the two tunneling matrix elements is not aassumption thalt,,|<|t,,|. The model will be discussed in
negligible fraction of|V,,|. However, we can always safely more detail in Sec. IV B.

assume thaft,,| and|t,,| are smaller thaf\V,, in the STM

experiments under all realistic conditions. _ E. Substrate Green’s functionG¢ and perturbation of the
Therefore we make additional simplifications which are conduction electrons: jellium surface

J\l/JSt'_f'eq dbyEthiSBe@relag?E; TN"SI of ?”’t\ff replg‘%gk tt_>y There are two ways in which the adsorbate state affects
ak |nS|. € Egsis.9 an - Ve ngg ec . € MOCIMCAONS  the tunneling conductancéa) direct tunneling into the dis-

to the tip and substrate wave functions, i.e., replage by crete state; andB) perturbation of the conduction electron

S G andG, by 5pp,Gg. We also neglect any deviations states by the discrete state, which consequently contributes to

from thermal electronic distribution in the substrate and tip,the tip-to-continuum tunneling current. Therefore, the pres-

i.e., we assume the validity of the fluctuation-dissipationence of an impurity on the surface can be sensed spectro-

theorem for the tip and substrate Green’s functions. On thscopically even if the direct tunneling into the resonance is

other hand, when the tip-adsorbate coupling is not negligibleegligible as is the case, for instance, of Ce/ld).?? Both

with respect to the adsorbate-metal hybridization, the currentontributions drop off with increasing tip-adsorbate separa-

( (@)
X —
0]
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With this approximation for Bloch states in the surface

' (@) (®) region the substrate Green’s functifdhg. (3.15] is

Equilibrium

 0l6ev

e K 12gik)- Rl 44 (0)|2

w—€tin

Gg(R,O;w) =€ 2",
k
(3.29

For the bulk band state propagation, it is easy to show,
using Eq.(3.17), that

1
V(Rt,w):f dx Jo(k,Rv1—x IEREACRRl
0

(3.30
and
E (eV) E (eV)
. . . 1 2D '}’( R'[ ’ E)
FIG. 2. The spectral functiop,(w) and the occupied density of ARy, w)=——P depg(e) ——, (3.3)
states of a model Kondo system as a function of bias voltage at mps(@) "~ Jo w— €

small metal-tip separation given Hy,,=0.1" ;5. (a) Equilibrium, . . .
(b)—(d) finite bias. Bold line, electron population; solid thin, spec- whereJ, is the zeroth-order Bessel function akg is the
tral density; dotted line, equilibrium spectral density. wave vector of the substrate state of enesgyrhe normal-

ized density of(STM-accessibleconduction stateg(Z;) a

tion. The direct tunneling into the resonance is controlled bydistanceZ, from the surface is

tap(Rt,Zo), which is a function of the overlap between the 2

tip and adsorbate wave function, and thus decays exponen- »(Z, ,w):j dx ef)\Ztki(l—xz). (3.32
tially with the distance. The perturbation of the continuum 0

also vanishes at large distances from the adsorbate. However, . L .
its spatial extent shows a more complicated behavior, and! calculatingA, V’Zand*”' we assumed a jelliumlike disper-
depends on the details of the electronic structure of the sub?'o" relat|onw=kw2/2m2 , and used a parabolic density of
strate in resonance with the broadened discrete state. Its pdlatesps(») =1—»*/D?. The incompatibility of the density
sition dependence enters through the Green's functioRf States with the dispersion relation is not important for the
G¢ (R,0;w). We note that the imaginary pagtappears ex- purpose of demonstrating the important band-structure ef-

S ; fects at this level of simplification.
plicitly in the expression for the conductanfig. (3.24)], ; .
while the real partA enters the definition o~fa. Although expressiong3.30—(3.32 are valid for a very

id imol o 2 hased h simple model of the surface, we believe they contain the
We consider a simple approximation G, based onthe gt important features of more realistic bulk electronic

assumption that in the relevant surface region the surfacgycyyres. At largeZ,, the dominant contribution to the in-
corrugations are smoothed oggllium mode) and both the tegral in y comes from small values of the argumentn

Bloch and/or surface staig [Eq. (2.8)] are given by Jo(y). In this case, we use the mean value theorem to write

(1) e <Felkip (327 EQ. (330 as y(R,,0)=Jo(kR)e 72 where k=ak,
with «e(0,1). Clearly,a—0 asZ;— and y(R;,w) is

The states with the smallegt have the longest tail into the independent of the lateral tip position. Since at the same time
vacuum region, and thus will be the most important ones ilfA —0 andt,—0, the STM has no spatial resolution in this
the tunneling process. These are the states with the smalldghit. As the tip moves closer to the surface the spatial reso-
€k, It is then reasonable to represexy in terms of the lution increases. In the limiZ;=0, the integral in Eq(3.30
Taylor expansion around the minimum ef , with €, equal ~ can be evaluated, an(R,,w) =jo(k,R)), wherejo is the
to the bias. In most cases, it is reasonable to repdadsy its spherical Bes_sel function of zeroth ord_er.. .
Fermi-level value. We expanelkH around its minimum as As our estimates fot,(R,) and y(R,) indicate, the direct

2/ . . 2 . tunneling matrix elemertiy(R;) falls off much more rapidly
e, ~Ki/2m*, and write ks=\""+\kj/2 plus higher-order i R than doesy. This is due to the limited spatial extent

terms which we neglect. We then write of the tightly bound impurity orbital. Therefore, the relative
' importance of tunneling into the perturbed continuum is
D (r)~e~Zhe rK12gik p, (3.289 likely to increase with the tip-adsorbate separation. Using a

simple model forG", we show the typical length scales in
As we will show later, the second exponenial®“*i’2is a  Fig. 3a). We plott, (bold solid line parametrized as,
measure of the tunneling current carryikg, the property =e R/ and normalized to one foR,=0 together withy
that gives the STM tip its spatial resolution, and the thirdevaluated at three different positiods above the surface
exponentiale™i*Ri controls the dependence of the tunnelingand withk,=1.2 A=, The exponential fall-off for conduc-
current on the lateral tip position. tion states at the Fermi level with work functions in the range

K212
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Therefore, the value ol (R;=0)=0 at this energy, but is
negative for smaller energies, e.g., kgy=0.6 A%, since in

this case there are more high-energy continuum states repel-
ling the discrete state downward than low-energy states
pushing it up. We also see that the valuedoat R;=0 can
change sign withZ, depending on the energy. We note
that, sinceA enters the expression fgr the Fano parameter,

0S5 < | | ‘ =05 could also be negative and the asymmetry of the resonance
line shape could be reversed.

Yok=1247 (g
Y(R||90))

By
05 H\}

F. Electronic structure effects and the surface states 06111)
noble metals

In Sec. Il E we introduced a simple model 6f" based
4y 5 10 0 10 20 3% on the unperturbed jellium surface. In general, a more real-
R, (A) R, (A) istic behavior ofG™ can be obtained from electronic struc-
. . ture calculations. Here we qualitatively discuss the electronic
FIG. 3. (a) and (b) show the typical spatial dependence of the . d ey
i . .. Structure effects with special attention to tfiel1) surfaces
tunneling matrix element, (bold) and of the substrate Green’s f nobl Is f | di di
function G* for the jellium model evaluated &,=1.2 A1 (left ~ Of noble metals frequently used in STM studies.

panel$ andk,=0.6 A~ (right panels for differentZz, . We param- It is well known that(111) Suﬁgce; of noble mgtals con-
etrizet, e~ Ri/a, with a=0.75A. Also shown is the Bessel func- tain Shockley surface states inside the projected two-
tion Jo(k,R,) for the samek,,, i.e., y of a surface state witk,, . dimensional band gap that forms on these surfac&&¥Both

The lower panelgc) and(d) showA, and the upper pane(g) and  the surface state and bulk wave function are given by the
(b) showy, Jo, andt,. The comparison for the two wave vectors same general expressipig. (2.8)] outside of the metal sur-
assumes identical barriefdamping constarnk). face. However, their overall degree of localization at the sur-

. . face is determined by the position efs, the surface-state
4-5 eV can be characterized by-0.9 A. The tightly bound eigenvalue, with respect to the band-gap edges. All other

discrete state will have a larger decay constant and we p%ﬁings being equal, the most localized surface state occurs

rametrize it bya=0.75A. Clearly,y decays much slower . . )
thant, at small tip-surface separations, but the difference inWhen €ssiS at midgap. Ase;;moves toward either band edge,

fall-off becomes smaller with increasirfy. We also see by the extension of t_he e_vanescent ost_:illatory tail of _the surface-
comparison with the Bessel functidy(keR,) (light dotted statg wave fgnctlon into .the_ bulk increases, uIt|mate_Iy be-
line) that the spatial frequency decreases with increaging €°Ming identical to a periodic Bloch function wheg hits
and the oscillations eventually disappear entirely. This is dud'® band edge. From elementary normalization consider-
to the fact that smallek-vectors have larger weight in the ations, surface-state extension into the bulk and a_mpl!tude at
tunneling at greateZ, [see integra(3.30]. The real part\,  the surface, as reflected in the scale fa¢tornormalization
shown in Fig. &) for the samek vector, has a similar be- constant for the surface state tailiEq. (3.27)] extending
havior. However, being a Hilbert transform of the imaginaryinto vacuum, are intimately related; a greater population
part, the nodes i\ appear at the positions of local extrema within the bulk means a lesser population in the surface
of v, and vice versa. As we will see later, this property leadgegion>*°This surface-state delocalization into the bulk al-

to significant variations in the line shape wig if it sur-  lows for the local density of bulk states at the surface to
vives in the real electronic structure. Our results suggest thagreatly exceed that of the surface states, in which case the
this is possible only at smakH, . relative importance of the surface state in the tunneling cur-

The panels Figs. ®) and 3d) show the same as Figs. rent will be small near the surfac®However, its impor-
3(a) and 3c), but for a smaller wave vectdt,=0.6 A~L. tance increases with increasing distance from the surface,
Comparison between the right and left thus demonstrates tHeecause bulk states with shorter wave-function tails are
strong dependence of the substrate Green’s function on treliminated from the tunneling. The surface state accounts for
wave vector itself, not just the produktR,. The two most —about 50% of the total signal in typical STM tunnel junctions
significant features are that, with decreaskgg (1) the fre-  in Au(111),°>%"and is known to be responsible for the inter-
quency and damping of the oscillations wiRhdecrease, and ference effects observed on these surfaces near edges and
(2) the dependence of, weakens. In comparing the two impurities and in quantum corral$:® It will also play a
different energies, we assumed that the damping conatant disproportionately important role in the resonance tunneling
(i.e., the tunneling barrigis identical in the two cases. This ata large lateral tip-adsorbate distance, because its contribu-
would be the case in metals with identical work functions fortion to G does not decay as quickly as that for the bulk
states at the Fermi energy, in one of which the bottom of thetates.
band were closer to the Fermi lev@mallerk,). We note We see the different behavior of the bulk and the surface
thatk,=1.2 A1 corresponds to an energy=5eV in the states in the STM when we consider the propag@grfor
middle of the parabolic band with our parametrization.the Shockley state. This is again given by E829. How-
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ever, thek sum now only exﬁends over.the_two-d_imensional IM{G™ (R, vRO)G§G+(ROaRt)}
(2D) wave vectork,. Assuming parabolic dispersion for the ) . o
surface statey is given by =—72p2e 24N (2= A?)Im G+ 2A y ReGY},
(R, @) =Jg(k R,)e Makis2 (3.33 .
Y y W) =Jo Ky @y .
t we can writeA G = Geq— Go at zero temperature by replac-
and ing [~ df (w)/dw] by 8(w—V), and usingt.(Z)=t,e %
as
1 2D ¥(R¢,€)
A(Rtaw): P ((l)) ,[O deps(e) w—€ ’ (334 282 5 )
s Ageq(v) == Ttopt(o)va
where, as befores,, is the 2D wave vector of the substrate . R .
state corresponding to energy. The contribution of the XIM{G " (R¢,Ro; V)G (V)G (Rg,Ry; V) -
Shockley state to the normalized density of conduction states (3.37)

v(Z,) is given by
We see that the resonance in the conductance is a result of an
V(Zt,w):e_)\zlki. (3.3 interference between different conduction states scattering
resonantly from the impurity. Whether the resonance can be
observed at large distances 20 A) depends on the spectral

The propagato6; for the surface state is thus essentiall
propag 0 yweight of the surface state and on its hybridization\@)

| tothe B | functi k,R ighted by th -
equal to the Bessel functiahy(k,R,) weighted by the expo- " o impurity orbitala (usuallyd or ). Interesting spatial

e AZK2 12 Mati
nentiale *7t%. Therefore, the oscillations are not dampedeftects may be realized in system with suitable boundary
with increasingZ; and only their overall amplitude is dimin- -, 4itions. We believe that Eigler's quantum mirage of the

ished. Since the surface state Orllth? noble metal surfacggngo resonance inside the elliptical corral falls into this
(111 have a shorke~0.15-0.2 A%, its propagator will categony®®

have a much longer spatial extent than that of the bulk states.

The corresponding oscillations thus have a spatial period of

about ten times that of the Bessel functigjin Fig. 3(a), in IV. DISCUSSION AND EXAMPLES

agreement with the experimental observation of DOS oscil- Equations(3.22 and (3.24 were derived under rather

lations. general assumptions. They are suitable as a starting point for
It is also knowii® that the spectral weight of the surface numerical investigations given the necessary input from elec-

state decreases near surface imperfections. We expect th@nic structure calculations. In the rest of the paper, we dis-

same to be true near the adsorbate. While we have explicitlyyss the implications of our theory for several specific cases
taken into account the interaction of the conduction State%f interest. In all of these cases we use our Simp'e model for

with the discrete state through the adsorbate Green's func- G+ pased on the jellium surface and the DOS given by
tion G,, all other adsorbate-metal interactions, such as pop () =p,(w)=1—w?D?, with D=5¢eV the band half-
tential scattering of the conduction electrons from the adsoryigth. In order to eliminate the exponential fall-off in the

bate and hybridization of the outer-shell adsorbate electronig,nneling conductance with the tip-surface separation and the
states with the conduction electrons, are neglected in ouysackground distortions, we plot the normalized change in
model. In principle, these “residual” adsorbate-metal inter-conductance due to the additional impurity defined as
actions can be included by modifyirtg* andt,,. Although
a realistic calculation of the system electronic structure is = _ 2 2
necessary to see the effect of the adsorbate on the behavior AGed V)=h[Gef V)~ Go(V) J[2m€°p(0)tC],  (4.D)
of G* around the adsorbate, we believe that it will not pro-whereGeq is given by Eq.(3.24 andgG, by Eq.(3.25. This
duce an oscillatory behavior i ™. In a typical metal, sev- s equivalent to replacin by AY=Y— v in the expression
eral bands with anisotropic dispersion relatiepontribute  for G.
to G*, giving rise to more complicated behavior. This will Although we were motivated by the experimental obser-
further reduce any oscillatory behavior seen in Fig. 3. vation of the Kondo resonané&??we discuss many of the
Since the importance of the direct tunneling into thetunneling properties on a simple noninteracting model. We
tightly bound impurity orbitak relative to the tunneling into  do this primarily because most of the STM observable char-
the metal should be weak, and decreases with incred&$ing acteristics of the Fano resonance are common to the single
it is useful to study the asymptotic behavior of the conduc-particle and Kondo resonances, despite the difference in pro-
tanceg in the limitt,=0. This is equivalent to replacing the cesses that give rise to the two resonances. We wish to point
Fano parameter q(R;,Rp;w) by A(R;;w) inside outthese general features on a model that is conceptually far
Y(R¢,Rp;w), [Eq.(3.23] in the expression for conductance. simpler and more familiar to the surface science community
It then follows that, if the oscillations iG* persist, the line than the Kondo model, and emphasize that the resonances
shape should change wiR) and antiresonances should form can also be observed in systems with nonmagnetic impurities
at positions where\>> 2. Using G =mpe “MA—ivy) with a tightly bound orbital near the Fermi level. Finally, the
and connection with Fano result and the consequences of the
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spatial resolution of the STM become more transparent when

. . Lo L t=0.1
the same noninteracting Anderson Hamiltonian is used. 3 0.02 ‘
g 2
A. Noninteracting adsorbate E
= L
We begin our discussion with an adsorbate-metal system& 1
described by the noninteracting Anderson modgl=0). 2" 0

The impurity resonance is characterized by its enetgsnd
the widthT .. The retarded Green’s functig®f( o) for the -1
adsorbate state is

N
S
T

GR=(0w—ey—ReZ,+il,J2) 7%, (4.2

whereI',(Zy,w) is defined in Eq(3.14 and R (Z;,w)
=P Va(Zo) |2 (w—€,) ! is the real part of the self-
energy for the noninteracting Anderson modabt to be
confused with the real part of the substrate Green’s function B N |

A given in Eq.(3.16]. Following Fano, we now define the _ﬁg 1 2 1 0 1
dimensionless energy parame#R,,w) by E (eV)

AG,, (arb. units)
.~y
S

2(w—ey—ReX,) FIG. 4. Differential conductancé G, as a function of the
T as : (4.3 strength of the direct tunneling matrix (in units oft;). The model
parametrization is given in the text. The two curves correspond to
We neglect a” nonequmbrlum effectsy Slnce they aretWO different Impurlty level energieSO:5 eV (Sohd Iine) and 2 eV
likely to be insignificant for the noninteracting system under(dashed lingfrom the bottom of a symmetric band 10 eV wide. The
most experimentally realizable conditions. The differential™O insets show the model density of stapgsfor the conduction
conductance, in lowest order ip andt,, is given by Eq. electrons(upper pangland the imaginarysolid) and real(dashed

(3.24, whereY for the noninteracting system takes the form Pars ofGa(w) (lower pane).

€=

q%— y*+2eyq In order to make connection with the Fano result, we plot the

T 112 (4.4 conductance for a small tip-metal separation with the tip
above the adsorbat®(=0). The line shap¥ is then given

All terms are evaluated at energyand at the appropriate tip by the Fano formula[Eq. (4.5)]. The plotted quantity

position. We note that,(0,0w)=Y,, characterizing the AGe(V) in Fig. 4 is then given by

unphysical case of the STM tip in contact with the surface at

YEYOZ v+

the position of the adsorbatembedded in the surfagehas (q+e)?
the analytic form obtained by Fano, AGedV)=ps(V) sz——l). (4.7
€
_(qte)? 4
07 14+€2 4.5 The Fano parameteg depends not only on the ratio

(ta/tc), but also on the energy and electronic structure. We
see this most clearly in the first panel, whege=0. The
esonance placed at the center of the band produces a sym-
metric dip in AG characteristic ofg=0, whereas the reso-
nance atep=2 eV has an asymmetric line shape due to the
negative contribution from\ to q (see Fig. 3. Its line shape
actually becomes symmetric at a finite value pf The value

We first show(Fig. 4) the dependence &fG.,on the ratio  of t, inside each panel is given in unitstgf. The inset in the
(ta/ty) for R;=0 and a resonance at the Fermi level. Theupper panel shows the model density of conduction states
solid line corresponds to a resonance at the center of a parg;, and the lower panel inset shows the spectral function
bolic band(symmetric around its centeii.e.,ep=5 €V from = —(1/7)Im GE (solid line) and Reﬁg/ﬂ- (dotted line for
the bottom of the band, and the dashed line corresponds totge |evel at the center of the band.
resonance at,=2 eV from the bottom of the band. The two  As the strength of the direct tunneling increases with
energies correspond to the band ene¢gyvith wave vector  respect td,, the resonance develops its characteristic asym-
k=1.2A"* andk=0.6 A"* in our jellium model(Fig. 3.  metric shape and, eventually, at langgt.>1 it acquires a
The resonance width iE,s=0.2eV in both cases. At zero shape nearly indistinguishable from that of the impurity
temperature, from Eq¢3.24) and (4.4) we write spectral functiorp,(w). With increasing tip-adsorbate sepa-
ration, the signal from the resonance must disappear as both
the tunneling element, and G*(R;,w) tend to zero. The
differential conductance is then determined by the density of

although the inherent energy dependence qofthrough
even for this “almost atomic physics” STM example.

1. Line-shape dependence on electronic structure and on the
relative strength of § and t.

2¢e? )
Ged V)=~ ps(V) mpr(0)ECY o (V). (4.6)
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changing relative strength betweépandt.. We demon-
strate this in Fig. &) where only this contribution is taken
into account by setting=v=1 andA =0 in Eq.(4.4). This
limit does not correspond to a real situation and does not lead
to the correctZ,— limit. It is shown here merely as an
example of the contributiofEq. (1)] to theZ, dependence of
the tunneling conductance. With our parametrization, this
case is identical witly changing fromgq~0.8 atZ,=3 A to
q~0.2 atZ,=9 A. As Z, increases furtherg—0 and the
resonance becomes symmetric. However, we see that the
normalized conductancAg,, does not vanish in the limit
Zi—0o,

Figure 5c) takes the second contributiofEq. (2)]
into account while leaving out the first one. We chose
t,=0, which would be the case if there were no direct
TR TR TR tunneling into the discrete state. In this limit, any changes in
the line shape are a consequence of the varying weight that
different k; metal states play in the tunneling at different

FIG. 5. Differential conductancAGeq vs. Z; for a model de-  Zs. This occurs because thg=0 metal wave functions
scrlbed in the text(@) The complete dependence on the tip dlstanceg|ven by Eq.(3.29 have the greatest extension into the

- (b) assumesZ,;=0 inside G*, and thus neglects the wave- \acuum, and as a result the spatial resolution of the tip de-
VeCtor -dependent effecttr) is the same a@) but witht,=0, 8., craaqes Therefore, the signature of the resonankde-
it only includes the effect of decreasing spatial sensnt|y|ty Ir'Corpo'creases even after normalization of the current for different
rated through the substrate Green’s funct@h. The vertical scale . . .
is arbitrary, but identical in all panels. Z; as .the ratidAY/v— 0 with Z_t—>_oo. Figure %a) shows the_ .

combined effect of the contribution, and represents realistic

states of the clean surface. This property is not present in th‘éOndltlons It accounts correctly for the changing line shape,
as well as its disappearance. We again emphasize that a re-

Fano expression. We now discuss this behavior.
alistic band structure is desirable for making quantitative

(©

E (ev)

2. Line-shape dependence on the tip-surface separation stater_nents. . .
_ _ _ It is clear that the line-shape dependence Znwill
Using the same model system as in Sec. Ill, with thebe observable only if it can be studied over a reasonably

resonance at the center of the barg=5 eV from the bot- |arge range ofZ,, limited by the experimental resolution
tom of the banyl we demonstrate the dependence in and detection capabilities. Since our model is based on
(with R;=0) in Fig. 5. We make the following model for the realistic parametrization, we expect the behavior shown in
tunneling matrix element,(R;,Ry) andt,(R;). The expo- Fig. 5 to serve as a guide for order of magnitude estimates
nential fall-off of the metal and adsorbate wave functions isfor the spectral dependence @n. The direct effect of the
controlled by different decay constants. The adsorbate sta8TM tip on the system, and thus also on the line shapes,
¥, is tightly bound, especially for the narrow resonances ofis not taken into account here. This issue is discussed in
interest here. The conduction electron wave functions, on th8ec. IV B 3.
other hand, typically belong to the outsior p orbitals and
have longer tails into the vacuum. As a consequence, the
ratiot,/t., and thus also the Fano paramajechanges with
Z,. In order to incorporate this property, we use the matrix As we discussed in Sec. IlIlE, the resonance line shape
elements[Eq. (2.12] and t,.=t,e” %?'*, where«a=0.75A, depends on the relation between the spatial dependence of
A~0.9A, t,=25meV, andt,=0.1t, at Z,=2A. Under the direct tunneling and the propagation of the adsorbate-
these conditions, the parameter tends to zero with increas- induced perturbation through the metal. Figure 3 shows that
ing Z,. direct tunneling into the resonancig ) is expected to fall off
Figure Fa) shows the normalized G, for this model. faster than the perturbation. Therefore, at laRje the line
The line shape undergoes only moderate changes Zith shape will be given by the,=0 limit conductance. We
within the experimentally relevant range. We expect this toshow the dependence &fG., on R, in Fig. 6. We do this
be a general property. In order to understand the behavioggain for the model described in Sec. IV AEig. 5 with
we discuss the line-shape dependence on the tip-surfaée=0 and a resonance at the center of the band, ég.,
separation conceptually in terms of two contributionsy =5 eV from the bottom of the band, which corresponds to
different decay constants for the discretg and metalyy,  K,=1.2A~* in Fig. 3. The solid line corresponds @,
states at the Fermi level, afi) different decay constants for =5 A, and the dashed line @,=0 A.
metal states atr with differentk,. We separate the observ- ~ The unphysical case d;=0 (dashed lingis shown to
able consequences of these two effects in Figs. &nd 5c). emphasize the possible consequence of the oscillations in
The first contribution produces changes dndue to the G, displayed in Fig. 3. We chose the lateral tip positions in

3. Line-shape dependence on the lateral tip position
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at realistic electronic structure description. Smaller values of
ke would increase the spatial extent as would smaller values
of Z, and\.
: Interestingly, thez,=0 (dotted ling line shape progres-
e . sion shown in Fig. 6 is qualitatively similar to the family
of line shapes that would be expected from surface
state propagation, but witR,, the lateral tip-adatom sepa-
ration rescaled upward by nearly an order of magnitude.
This claim is based on the qualitative similarity between
R4 RS Ry=7 the bulk Gi at Z,=0 and the surfaceG;. The
bulk y(R;,er)=jo(keR)) (the dashed curve in Fig.)3
i at Z,=0 and the analogous surface statgR,eg)
S |l S N =Jo(keR)) (dotted curve in Fig. Bboth exhibit long-range
i oscilla-tions, unlike the bulk state &=5A. However,
sincekg~0.1-0.2 A7 for the surface-state bandy(kgR))
shown in Fig. 8a) for kp=1.2A! should be plotted
2 -1 0 2 -1 0 2 -1 0 1 2 with this smallerkr when referring to actual noble metal
E (eV) surface state bands, in which case the observable

FIG. 6. Th lized differential conductank ; R,-dependent line-shape evolution in Fig. 6 would still be
. - 6. The normalized differential conductantgeq as a func- . representative, but witlR, rescaled by the factor 1.2/0.15
tion of the lateral tip positiorR, for the same model as in Fig. 5:

Z,=5 A (solid line) andZ,=0 A (dotted ling. The contribution of - From this it is easy to appreciate that the dramatic
the surface states B is not included here. line-shape variations will occur mainly at very large lateral
separations.

R=0

R=3

the figure to coincide with the nodes and zerog\paindy to

show the dramatic changes in the line shape \Ritffdue to B. Tunneling into Kondo resonance

the oscillations inA and vy. Since the spatial decay of the

oscillations is small aZ;=0, the sequence of resonances and In Sec. IVA, we discussed the STM conductance in
antiresonances appear in the rangee(0,10)A. The tunneling through a noninteracting impuritl =0 in
possibility for such antiresonances is discussed implicitlyHamiltonian (2.1)], frequently referred to as the resonant
in the work of Kawasakat al,*® and explicitly by Schiller  |evel model(RLM). We now turn to the case of magnetic
and Hershfiel§* However, this behavior is not observed impurities and tunneling through a Kondo resonance.
in the experiments by Madhavaet al** and Li etal” \ye pegin with the case of a weak tip-metal coupling.
due to the smoothing of the electronic structure WithHowever, for the Kondo systems this assumption is
increasing distance from the surface that we discussed ifore restrictive than for the RLM, and, for this reason, we

Sec. fIHE' Id he d . - i later take advantage of our nonequilibrium approach to
In fact we would not expect the dramatic variations in line 5o 0t for the direct effect of the tip on the impurity

shape withR, reported by Schiller and Hershfiéfdto be : C . L
observed. The reason is apparent from the behavi@ofs ;p;c;tlrzlt;;gsny, while still neglecting the tip's effect on the

a function ofZ; (Fig. 3. As the distance from the tip to the

surface increases, the oscillations are destroyed by the in-

creasing weight of the lower frequenégmall k;) compo- 1. Conceptual and theoretical approach

nents at large®, interfering destructively with those given

by k,. For k,=1.2A"%, the oscillations are effectively Since our earlier derivation of the current and

damped wheiZ,=5 A, and the shape of the resonance doesonductance is valid for arbitrary interactigiy#0 in

not change significantly as shown by the bold line in Fig. 6.Eq. (2.1)], the final results[Egs. (3.22 and (3.24] also

We expect that band-structure effects will suppress the oscikold in the Kondo and mixed-valent regimes of the

lations even further. Anderson model (i.e., U>A). The properties of the
We also find that the spatial extent of the resonance imdsorbate enter through the Green’s functiGy. The

the spectrum should decrease as the STM is retracteg@yoblem is thus reduced to finding the one-electron Green’s

as long as the signal is due to the bulk states. AfunctionG,.

Z,=0A, the resonance is still visible aR,~10A but However, we first consider the tunneling for a spifa

only to aboutR,~4A at Z,=5A. This is a somewhat =o) impurity in the Kondo limit, €rs—€g)>T and (e,

shorter distance than that found experimentally for—egst+U)>T". The Kondo resonance has a very small

Co/Au(111) and Ce/Ag111).2%%? Although the Fermi weight, and is due to spin fluctuations. The possible tunnel-

wave vectorke~1.2A 1 used in Fig. 6 is close to the ing channels in this case are shown in Fig. 7 as procégses

free-electron value ofkg for the noble metals, the and(3). The system can be described by the Kondo Hamil-

disagreement is not surprising since we made no real attemfnian in this limit
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to the direct tunneling into the magnetic impurity—process
(3) in Fig. 7. We note that the spin-flip scattering that gives
rise to the Kondo effect is a higher-order process. In lowest
order, channe(l) and the spin-flip component ¢8) do not
give rise to interference because the final states have differ-
ent spin states. The lowest spin-flip process that does inter-
fere with (1) is of second order inJ and proportional to
N
In the limit of large tip-metal separation, equivalent to the
condition (s>JsJ;), the third term in Eq(4.9), as well
as higher-order contributions frody,, are neglected, and all
other exchange processes are included in principle. This is
equivalent to assuming that the state of the metal-adsorbate
FIG. 7. Possible scattering channels for an electron tunnelingystem is determined only hy;, and is unaffected by the
from tip to metal through a magnetic impurity adsorbed on thepresence of the tip. Theoretically, the problem then reduces
surface. to finding the spectral properties of the system without the
tip and using them in the expansion for tunneling via the two
terms in Eq.(4.9).
HS(ZO)ZKEU EkCIoCkUJ“% €0ChaCpo As the system parameters move away from the Kondo
limit—that is either ¢y shifts toward e or U becomes
+ smaller—valence fluctuations appear. The Kondo resonance
+% {tkp(Ro o CpstH.C} is then due to both the spin and charge fluctuations. The
separate energy scale due to the spin fluctuations eventually
t disappears in the mixed-valent regime, and the Kondo peak
+Js 2  (CigSoorCirgr)+S merges with the broad resonance centeregyatin the in-
kk' oo . . . .
termediate regime, where both charge and spin fluctuations
4] 2 (el 8 G )-S co_exist on th_e impurity, ano_ther tunneling qhannel exists.
t & A\tpgoo’pla’)’ This channel is denoted ) in Fig. 7. It also includes the
Ppoa contribution from higher-order nonflip processes similar to
3). We study the system in this regime with the Hamiltonian
+st 2, {(clySsarCpor) S+H.C}, (4.9 fje)fined in S)e/c. Il. ’ ’
kpoo We adopt the slave-boson technique of Colefftaand
where the first three terms were also present in the totdind the adsorbate Green’s function using the noncrossing
Hamiltonian introduced in Sec. Il and describe the unperapproximationNCA).® Following the theory of Sec. Ill, the
turbed metal and tip states and the coupling between the twéinal expression for current in E¢B.4) is valid, as well as all
The remaining terms give rise to spin fluctuations in thethe consequent steps and approximation in Sec. . We insert
presence of the magnetic impurity. The terms with couplingshe solution for the Green’s functioB, of the (U=) in-
Js andJ, correspond to the exchange interaction of the locateracting system in Eq3.24). This is equivalent to including
spin with the substrate and tip electrons, respectively. Theéhe three tunneling channels in Fig. 7 to lowest order in the
last term () corresponds to the effective tip-substrate ex-tip-system couplings. We now turn to the discussion of the
change interaction in which charge is transported betweeresults based on this approach.
the tip and the surface. This Hamiltonian can be obtained
from H, of Sec. Il using the Schrieffer-Wolf transformation 2. Resullts for large tip-substrate separation

which relateslg, J;, andJg to V, andt,. For the symmetric In order to model Co/A(l11), studied both
Anderson model, J;=4Vi/U, Js=4t,V,/U, and J;  experimentall§* and theoretically® we choose a parametri-
=4t§/U. Using the continuity equatio(8.1), the currentis  zation that gives the Kondo temperatiig~ 70 K appropri-
ate for the system. Our simplified model has degenehacy
D (ch Sy0rCour-S) =2 with no orbital degeneracy, bandwidtib210 eV, and
koSoo'=po an adsorbate level at;=0.75eV with a width 2’=1 eV
(the width of a multiplet with an occupied level M rather
thanT’). We show the corresponding spectral function and
+Jy ,2 , (CpoSroCprar S 49 the real part oG, in the inset of Fig. 8.
pproa Figure 8 shows the spectral properties of the system using
The first term is identical with the first term in E€.3). In  AG,, over the whole energy range of the conduction band,
the lowest order of the tip-system couplindg(Jst,J;), the  and for different values af at the Fermi level. The spectrum
third term does not contribute. The first term corresponds t@ontains information about the broad resonance et
the direct tip-substrate tunneling channel—procébs in =0.75eV below the Fermi level, as well as the prominent
Fig. 7—which includes the scattering of conduction elec-feature due to the Kondo resonance at zero bias. We show
trons from the local moment. The second term correspondthe large bias voltage results only for completeness, since we

_2e

I 5 Im 2 tkp<CI(GC(r>+‘]St
kpo

kpoo’
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) FIG. 9. Temperature dependence of the tunneling conductance
_FIG' 8 The spectral line shapt_e for a model I_(ondo system qeihrough the Kondo resonand@) The total dependence includes the
scribed in the text over a large bias range that includes tunnel'ngemperature dependence in the spectral function and the Fermi-
into the broad resonance at 0.75 eV below thg Fermi level. Eacgurface broadeningb) Temperature dependence due to the Fermi-

panel corresponds to differeq(ers) at the Fermi level. level broadening, and with a spectral function given byTits T
value for all temperaturesc) Temperature dependence of only the

do not expect the STM experiments to be able to providespectral function, without the Fermi-surface broadenireplaced

spectroscopic information about the system over the whol®Y @ delta function

energy range shown.

The resonance line shapes in both Caf#ii) and Ce/ One of the main conclusions of their wéPkis that the
Ag(112) correspond to small values gf Madhavaret al?!  calculated temperature dependence of the resonance in the
fitted the observed resonances to Fano line shapes quith differential conductance is indicative of the temperature de-
~0.7. Our best fit would give approximately the same valugP€ndence of t_he Kondo resonance itself. They showed results
of g. In the case of Ce/Ad11), the observed feature is an @t the experimentally relevant low temperatures for Co/
almost symmetric antiresonance corresponding-td. Due ~ Au(111) and Ce/Aglll) in the range of temperatured (
to the contribution from the substrate electronic structure to=0-1T«). They found a rather weak temperature depen-

g, its value cannot be directly used to make quantitativ ence, due entirely to the temperature dependence of the

statements about the relative strength of the tunneling int&pectral functiorp, . Itis qualitatively the same as, and com-

the discrete statel (f) with respect to that into the con- parable in magnitude with, that found in Fighs where the
tinuum. However, in agreement with ek al22 and Lang® spectral function is independent of temperature and the tem-

perature dependence iAG,, is the consequence of the
we conclude that th_e STM probe; mgstly @wave func- Fermi-surface broadening in the STM tip. Therefore, a care-
tions and the tunneling into tHeorbital is rather weak at the

. . i th . ful deconvolution is necessary even at these low tempera-
tip-adsorbate distances used in the C&2Ad) experiment.  y,re5 to extract information about the temperature depen-

The resonance is mostly the result of interference betweeface of the Kondo resonance. The other possibility is to
conduction electrons scattering from the impurity. The largefgjiminate variations in the Fermi-surface broadening of the
value ofq in Co/Au(111) indicates a stronger contribution iy,
from the coupling of the STM to the orbital. This is ex- We show the temperature dependence for a Kondo system
pected because thedDrbital is not as tightly bound. in Fig. 9. Since the validity of our approximation is limited
The recent work of Kawasaka and co-workéf§ deals  to temperatures of ordd, and higher, we show our results
with the spatial and spectroscopic profiles of the Kondo resoenly in this temperature range. FigurécPshows the tem-
nance. They began with the Tersoff-Ham#texpression for perature dependence one would observe with the tiff at
the currenfEq. (3.11)], and used the local density of states =0 K and with a varying substrate temperature, i.e., when
given by Eq.(3.13. They inserted the self-energy correction only the temperature dependence of the spectral function is
in the Green’s functiorG, due to the intra-adsorbate Cou- taken into account. Figure(l9) assumes the substrate is at a
lomb correlations using perturbation theor¥ Tyx) and  constant temperatufe=Ty, which determines the shape of
Yamada’s expansion i (T<T) to study the temperature the Kondo resonance, while the tip temperature is varied. We
dependence in the whole temperature range. They neglectsde that the two contributions produce a very similar broad-
the additional temperature effects due to the Fermi surfacening of the Fano resonance. Only a close look can uncover
broadening, replacing-{ df/dw) by the delta function, and the difference. Figure (@) shows the combined effect when
evaluated the conductance at the tip bias. the tip and substrate are kept at a common temperature. Ob-
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viously, it would be difficult to determine the contribution E (eV)
from the broadening of the Kondo resonance. -2 0 1
In addition to the temperature effects just discussed, Ka- [ -t 5
wasaka and co-worke¥s* also predicted the existence of - TL025T, I =0.0IT,,

weak, long-range oscillations in the current as a function of
the lateral tip position. The particular long-wavelength, long-
range character of these predicted oscillations is a conse
guence of their assumption that the tip-to-metal tunneling
takes place into the surface states of (h&1) noble metal
surfaces. The observed resonaitésare at variance with
these expectations. On the other hand, the limited spatia
extent of the resonance observed at lateral tip positions up tt
10 A is consistent with the rapid spatial decay determined by
the bulk G, . No significant changes in the resonance line
shape are expected on this length s¢aé® the discussion in
Sec. llIF, and Fig. § The surface state would, however, be
responsible for line-shape variations on larger length scale:
of order 20 A. The fact that no resonance is observed at sucl
a distance from the impurity indicates that the surface-state ‘ . .
contribution is indeed weak. Since Friedel oscillations have-6-2  -0.1 0 01 -02 -01 0 01 02
been observed over long tip-impurity separations, we believe E (eV) E (eV)

that a weak tunneling resonance most likely persists in t_h_e FIG. 10. The spectral functiop,(w) at zero bias as a function
conductance over comparable distances, but more Sens't'\é?the tip-substrate separati¢tefined in terms of',). Dotted line,

experiments are necessary. In this case, changes in the lingecypied density of states; bold line, spectral density of states.
shape withR, are expected. However, unlike Schiller and

Hershfield®* we do not expect variations in the line shapeof the increased hybridization. This could also be achieved
due to the dominant contribution from the bulk states on theby incorporating the adsorbate into the top surface layer. The
length scale of<5 A, as discussed in Sec. IVA3. recent study of transition-metal impurities at the surface of
gold®” did not find any sign of the Kondo effect in V, Cr,
Mn, or Fe. We believe that, in the case of iron, this is due to
the low Tk, and may be an example of a candidate system
In typical STM experiments, the tip-substrate separatiorfor the conditions discussed here. On the other hand, the
can be varied from the point of contact where the tunnelingsmaller impurity-metal hybridization at the surface can lead
resistanceR is a few 100 K) to distances wher~1 G(). to magnetic behavior for systems which are nonmagnetic in
Experimental constraints limit the STM usefulness to thethe bulk, such as Ni/Cu. There is a possibility for observing
near-Fermi-level  spectroscopy—especially at smallthe transition between magnetic and nonmagnetic behavior
Z.—because of exponentially increasing tunneling current®n a single system induced either by embedding or by the
with bias. However, it is likely to be possible to investigate proximity of the STM tip.
the Kondo resonance—which only requires biases of the or- We show an example of the changifig with hybridiza-
der of ~10 meV—uwith very small tip-adsorbate separations.tion in Fig. 10, where the spectral functigR(w) is plotted
It is therefore useful to analyze the physical consequences @it zero bias as a function of the partial width;, i.e., the
the small tip-metal separation on the resonance in tunnelinip-metal separation for a model system. We cho@se
conductance. =5eV, I',;:=0.25eV, e,=—1eV, and T=30K. The
In this case, nonequilibrium effects, as well as the tip-Kondo temperature for this model in the lintif=0, is Ty
adsorbate interaction, become important in the spectroscopy 30 mK, much smaller than the temperatreTherefore,
of Kondo systems. First of all, ds,; increases and becomes the Kondo resonance in the spectral function is very weak.
a significant fraction ofl',s at small distances, the tip- When the tip is brought closer to the adsorbate, the Kondo
adsorbate hybridization will contribute to the widthof the  resonance acquires more spectral weight as the Kondo tem-
resonance and to the renormalization of the lesel As a  perature increases tdx~100mK at I',;=0.01",5, Tk
result, the Kondo temperature, which depends sensitively or-0.2K atI';;=0.04",, and Tx~1.5K atI';=0.29" ;.
I' and ¢y, will change. This could be particularly important Based on the justifications in Appendix A, we neglected the
for systems with very low bulk'y , such as Fe/Au witlTy  effect of the direct metal-tip interaction on the spectral func-
~1 K. The Kondo temperature for an impurity adsorbed ontion, and treat the effect of the tip as another hybridization
the surface of the metal is even lower than its blijkbe-  channel for the impurity state.
cause the lower coordination number for the adsorbate The effect of varying hybridization—due either to the
makes the widtl" narrower. IfT¢<T, the Kondo resonance presence of the STM tip or to embedding or changing the
will not be observed. In certain systems and in the rightenvironment of the adsorbate—on the tunneling resonance
temperature regime, it may be possible for the Kondo resodepends on the relation betwed@p and T. For instance,
nance to reappear at smaller tip-adsorbate distance as a reswhien T¢<T, increased hybridization would produce stron-

3. Nonequilibrium and hybridization effects at small
tip-substrate separation
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ger(sharpertunneling resonance of the same width since the
spectral weight in the Kondo resonance increases while its |
width remains almost constant untif~T. Also, the experi- 1
mental resolution is limited by temperature in this regime.
When, on the other hand@,=T, additional hybridization

would not only increase the spectral weight in the Kondo 3}
resonance but also its width. The two cases should thus b§
distinguishable experimentally from each other and from the3
possible line-shape variations with as a result of changing
q

00-00000005e03

ce (arb. units)

Current (arb. units)

The second important effect of the strong tip-adsorbate
interaction is the breakdown of equilibrium relations at finite &
bias such as the fluctuation-dissipation theor&@n(w)
=f(w)pa(w), which consequently cannot be used in deriv-
ing the expression for the currefiq. (3.22)]. This is true in 02 01 0 o1 -0z 01 0 oI o2
general because the electron occupation of the tip, metal, an bias (eV) bias (eV)
adsorbate electrons will no longer be thermal, i.e., will not be _ . ,

. . . FIG. 11. Differential conductanogeft) and curren{right) for a
given byfy(w) andfy(w) but rather will be characterized by Kondo system defined in the text an()j with the st)e?:trltl function

a nonequnlbrlum.dlstrlbL.Jtlon produced b)_/ the injected tunneIdisplayed in Fig. 2. The solid line is a calculation at lowest order in
electrons. The differential conductance is no longer propor:

: . -ty andt,,, and with an equilibrium spectral function of Fig. 2.
tlopal to the local density of states, and cannot be obtalneéiprcles cé:)prrespond to the r?onequilibritg%sdltot/dv andl, fgr
using Eq:(3'24)' In KO”QO S’_ystem_s’ the hot (_alectrc_)ns nOtFat=0.lI‘as. Each row corresponds to a given valuepht the
only modify the electronic distribution on the impurity, but carmi jevel.
also modify the Kondo resonance itself.

This is shown Fig. 2, where the spectral function andlt cannot be calculated from the expressions in the text, since
density of occupied states is plotted at selected bias voltagese dependence gf,(w) and G; (w) on the bias voltage
in the limit of |t/ <|t,,|. The impurity has a resonance at modifies the contributions to the current in a wide energy
ep=—1eV below the Fermi level, and a total width range, andj,, is not related in simple terms to the properties
=0.5eV produced by hybridization with both the tip and at the Fermi level of the tip. We compalg,, and G
substrate with partial widths df ;,;=0.1'55. The tempera- (circles with | and Geq (solid). The equilibrium quantities
ture is of the order off in this example. We see that the were obtained in the lowest ordertigy, andt,,,, and with the
Kondo resonance broadens even more with increasing biasquilibrium G, of Fig. 2(a).
This is due to the increase in the rate of incoherent scattering We see that the broadening and disappearance of the
by ~eV,/T—an effect similar to temperature. At the same Kondo resonance with increasing bias at strong tip-adsorbate
time, the electron occupation develops a nonthermal profileoupling is weakened in the nonequilibrium calculation of
due to the large tip-adsorbate current. This is particularlyg,,, because the contributiafi ., compensates partially for
visible for negative biases where the density of states ishe spectral function effect. The most consistent effect on the
larger. Figure 2a) shows the equilibrium spectral function line shape for various values ofis the suppression of the
(dotted ling and the electron population on the resonanceaesonance maximum, and as a consequence of this the line
(solid bold ling. The equilibrium spectral density is shown shape has a more symmetric appearance. This behavior is
(dotted ling in all panels. In addition, the spectral density qualitatively different from both the hybridization effect and
(solid line) and occupatioribold solid ling are shown for the  that of the changing Fano parametprdue to different de-
biases indicated in the figure by the labeled arrow. If thecay constant of the impurity and metal states. Although the
coupling to the tip were comparable with the metal-adsorbatelependence of the tunneling resonance on the tip-substrate
hybridization, a double-peak structure would develop. ThisseparatiorZ; will contain all three contributions, the hybrid-
was predicted by Wingreen and M&liin the context of the ization and nonequilibrium contributions should only be im-
nonequilibrium Kondo effect in quantum dots, also discusseghortant at extremely small tip-adsorbate separations. The
in Ref. 68. We see the onset of the double peak structure igariations inq should not be important as it depends on the
Figs. 2b)—2(d), where a small cusp develops at the chemicaldifference of the wave-function tails, and the two remaining
potential of the tip. In summary, the bias has a significanicontributions should leave distinguishable signatures in the
effect on the spectral density even whieg~0.11" . tunneling resonance. It remains to be seen if the nonequilib-

We show the tunneling currefright) and the correspond- rium condition play an important role in the tunneling be-
ing differential conductancéeft) in Fig. 11 for this model of tween the STM tip and the Kondo impurity.
Kondo impurity and for the STM geometry defined By; Finally, we note that the limitt,,| <|t,,| discussed here
=0.1I',s and |t/ <[t,.|. The panels correspond tp=0.6,  in connection with the nonequilibrium effects is not appro-
1.2, and 2.4, respectively. The current on the right is calcupriate for the recent STM experiments, wheyg is likely
lated usingl o= leqt 6l non Of Sec. 111 D, with ol o, given by much weaker thar,,, even though the importance of,
Eq. (3.26. The differential conductancé, on the left is  will increase relative tot,, with decreasingZ,. We will
obtained by differentiating the results displayed on the rightaddress the more general case in a future work.

ifferential conductal
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V. CONCLUSIONS tion due to tunneling into the bulk states which should

We used the Keldysh-Kadanoff method to study the spec(—)therwIse be observed with period of about 1-2dbrre-

troscopic features of adsorbate resonances in the STM tu sponding to the bulk) for typical experimental conditions.

. . Iq‘_herefore, no oscillations in the line shape should be ob-
neling experiments. The central results of our theory are the

general expression for the currdiig. (3.4)] to all orders in served on this length scal_e for typical tl_p-SL_lrface _s_eparatlon.

. . . I : The occurrence of an antiresonance with tip position at cer-
the tunneling matrix elements and its equilibrium Wrf#q. " cionioring sites predicted by Schiller and Hershifeld
(3.10]. Both are valid for arbitrary intra-adsorbate electron g g P y

correlations, and thus apply to both noninteractih=0), has its origin in these oscnlathns. Itis aresult of a S|mpllf|§q
) . . model for the surface electronic structure and we believe it is
as well as magnetidargeU) systems. The discussion of the . — .
. . o unphysical. The small current oscillations predicted by Ka-
Fano resonances is based on additional approximations for

49 _
the tunneling and hybridization matrix elements that lead towasakaet al.” assumed that the surface states are all

expressiong3.22 for the tunneling current and Eq3.24) Important in the spatial dependence of the resonance which
for differential conductance in the lowest order in the tip-to-Seems to contradict the experimental results. We believe the

system tunneling matrix elements andt,, i.e., at a large surface state should be important at larger distances since on

— 1
tip-surface separation, and the nonequilibrium correction tdn€ (111 noble metal surfac.ekF-~0.1-5—0.2A and the
the current in Eq(3.26). corresponding period of oscillations is about 20(ds ob-

In the equilibrium limit, our theory of the tunneling cur- Served experimentally as Friedel oscillatipnsve expect
rent and conductance differs from the standard theories dihanges in the resonance line shapes with this spatial period
STM, in that the dependence on LDOS is replaced by df the contribution is from the surface state and if the signa-
tip-specific quantity related to the LDOfEQ. (3.9)]. The ture of the resonance is detectable at such distances.
current is expressed entirely in terms of the adsorbate (5) From the line shapes observed in CofAl) and Ce/
Green's functiorﬁg, the tip density of states, the tunneling Ag(111), we conclude that the direct tunneling into the dis-
matrix elements, and the substrate Green’s function. Werete(d or f) state is quite weak—stronger in Co/@A1).
used the formulation to study the resonance line shape asTéis confirms that the STM is mostly a probe of the delocal-
function of temperature, tip-substrate separation, and laterdeds p states and couples only weakly to the tightly bowuind
tip position. We summarize our findings as follows. or f orbitals at typical tip-surface separations. Therefore, the
(1) The role of impurity state resonances in tunneling cardominant process giving rise to the resonance line shape is
be discussed in terms of two limiting cases. When directhe tip-to-metal tunneling and interference between conduc-
tunneling across the barrier is weak, the resonance within thgon electrons scattering from the local moment.
ba.rrier provides an additional_tunneling channe} and can sig- (6) The temperature dependence in differential conduc-
nificantly enhance the tunneling current. This is the case ofance does not reflect only the temperature dependence of the
quantum dots in Coulomb blockade regime. If on the othelkondo resonance, but also includes the effect of Fermi-
hand, the tunneling into the continuum is strong, the presg, ace proadeningnostly of the tip. The two contributions
ence of an “impurity state could suppress the t“”“e"f_‘g are of the same order of magnitude, and qualitatively indis-
current due to the additional scattering of the conductio

- ) ~_tinguishable. Therefore, the temperatur ndence in th
electrons in the metal from the impurity, i.e., increased reS|st]E guishable erefore, the temperature dependence in the

tance. The tunneling into the Kondo resonance in the r qifferential conductance cannot be used directly to make
ance. 1he tunneling into the tondo resonance Ne reCeNlonclusions about the temperature dependence of the reso-
STM experiments seems to be closer to the latter limit.

(2) The information about electron correlations and thenanc_e without controllllng the tip Fermi-surface broadening
Kondo resonance enters the tunneling problem through thce)r without deconvolution.
9p 9 (7) At small tip-surface separations, nonequilibrium ef-

Impurity Greensfur_lctlorGa while the position d_ependence ects as well as the additional tip-adsorbate hybridization
of the conductance is controlled by the electronic structure o ay play an important role—especially in Kondo systems
the(;)we_zrt;ll. tial d f the ob dF The main effect of the finite bias voltage in this case is to
th etspa 1a er%zgg? eo tsergle th 3?0 resolnance 'Broaden the Kondo resonance and produce a nonequilibrium
€ recent experime IS consistent wi € ConclusIon - o actron population on the adsorbate. The observed Fano

that tunneling into the bulk conduction and hybridized resonance in differential conductance also broadens and its

impurity states gives rise to most pf the signal. The absencﬁﬁaximum is suppressed. The effect of the tunneling current
of any observable resonance at distances larger 0\ A on the Kondo resonance should thus leave a characteristic
suggests that the contribution from the surface state Ordependence of the line shape 2

Au(111) and Ag111 to the resonant tunneling is not impor- Note addedSince the submission of this manuscript we

tant in these experiments. However, the surface states aheave learned of related work byjsighy et al®?
important in special cases, as indicated by the recent corral '

experiment®® in which the contribution of the surface states
is enhanced by scattering from the walls of the corral.

(4) At large Z;, tunneling into conduction states wik) ACKNOWLEDGMENTS
having the smallest parallel component corresponding to en- \we thank R. Celotta, E. Hudson, M. Stiles, and J. Stroscio
ergy w= e + € is strongly favored. This leads to the dis- for fruitful discussions, and for helping us understand the
appearance of the current oscillation vs the lateral tip posiexperimental issues more clearly.
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APPENDIX A: ADSORBATE GREEN’'S FUNCTION

. ) ) . w—e)é 125 r+ 2 /ré "t (A3)
An important quantity in the theory of tunneling current ( Kk Tk kZ KKK
through adsorbate resonances is the adsorbate Green'’s func-
tion G,. Using the equation-of-motion method, we find the an
expression foiG, defined as the Fourier transform of B B
(w_ep)Gpp’:épp’+EH Eppquupr (A4)
P

Ga(t,t')=—i(Tcea(t)el(t")). (A1)
where the self-energies aiBy =3 pt,Gotpw and 3y
We do this for the case of arbitrarily strong coupling be- = ZktpCktkpr @nd Gi=(w— e +in) ' and Gp=(w—¢,
tween the tip and the adsorbate, with the intent of describing i 7,) " are the Green'’s functions for the clean metal and
the nonequilibrium effects at finite bias. However, in thistip, respectively, without their mutual interaction. The solu-
paper we consider the effect of the direct tip-metal interactions for Gy, and épp/ can be formally written as the in-
tion on G, to be weak, and neglect it. Extension to the full verse ofD = Sy (0 — €) = Z and Dy = Spp (0 — €p)
description will be considered in future work. We believe the—%,,, . We also define the adsorbate-metal and adsorbate-
approximations adopted here capture the most importanip hybridization matrices modified by the tip-substrate inter-
nonequilibrium effects. i V., .= 0 T..=
We discuss both the noninteracting €0) and interact- action a8 Vie=Via® ZplgGplpa AN _1pa=lpa

O . . e =
ing (U=2) models. Since the solution in both limits for the F2piGyVia- With these definitions and witlByye and

adsorbate-metal interaction is well known, we limit our dis-Gppr Obtained through Eq$A3) and (A4), the solution for
cussion to issues specific to the addition of the biased tiptn€ noninteracting:, is formally given by

and refer the reader to standard texts for details. The (

=) model is solved using the slave-boson technique and zaZE Vakékk’vk’a+2 tap“(‘;pp,?p,a, (A5)

the NCA. In this approacr]r a pseudofermion is introduced by Kk’ pp’

tr]re_transformatlormaacab in the Hamiltonian(2.1), W_herel_ . The evolution of the self-energy, is rather complicated in
itk creation operator iy poso_n. This ElIiMi%he general case of strong tip-to-substrate coupling. We pro-
nates the interaction tertd from the Hamiltonian as dis- ceed with formulation of the general nonequilibrium theory

cusTshedtby Colgmg‘ﬁ t6F~ orders the fi di for the tunneling current using this self ener(§ec. 1l A
€ ime-ordering operatorc orders the ime according 5,4 thepn we discuss two limiting caséa) the equilibrium

to their position on contour in the complex time pldfdt is L ; :
. . - . limit [t,|, [tapl <<V c. I B) in which case the second
important to note that equations must first be solved in the [ticpl [tapl <[Vical (Se ) ¢ ©

complex time domain, and then analytically continued to the®™M N Eq.(A(?) is neglected, andfy, andGy are replaced
real axis. The analytic continuation is performed before thé® Vka @nd Gy ; and (b) the nonequilibrium case under
Fourier transform, so we must be careful about how we dedh€ assumptiont,p|<[tagl~|Vial, in which case we keep
with the Fourier transformed equations. Here we discuss theoth terms in Eq.(A5) and replaceVy,, tap, Gy, and
equations of motion satisfied by the Fourier transforms of the?;pp, by Via, tap, Gl6 , and Gg(spp’ . Section IVB3

time-ordered Green’s functions, and only summarize thgjeals with tunneling through a Kondo impurity in this limit.
rules for analytic continuation at the end of this appendix.Case(b) includes the effect of the increased hybridization of
All Green’s functions and self-energies in the following ex- the discrete state due to the tip presence and the onset of
pressions are function of frequeney, and, therefore, we nonequilibrium population on the adsorbate at finite bias.
omit their argument to simplify the notation. In order to study these corrections in limib), (|ty

The Green’s function for the impurity sta®, can be ; -
written in & standard way purity a |~<|tpa|~|vka|), we replace the Gregnf funcﬂoﬁﬁdg and
' Gppr by the noninteracting ones, i.€Gy = 6 Gy and

Gpp = 8pp Gp and the modified/, andt,, by V, andtp,.

— _ _ -1
Ga=(0—€~2a) 7, (A2) The self-energy, , then simplifies to

using the self-energ¥ .(R;,Zy;w). The solution forG, is

thus reduced to finding ,. We first treat a closed-shell or a EQ:EK Varl?GR+ 2 [ta,l*G). (A6)
nonmagnetic open-shelV{,>U) adsorbate for which elec- P

tron correlations can be neglected. We begin by consideringhe largest source of error in writing the approximate self
the tip-substrate system without the adsorbate. We definenergy is the neglect of the possibly significant interference
Gwr andépp/ in analogy withG, [Eq. (A1)] as the Green’s effecti at larget,, as a result of the phase dlffeience be-
functions of the metal and tip states, respectively, in the abtweent,, andt,,. It is always reasonable to replavg, by
sence of the adsorbate. These are not identical with th¥,,, as long as the adsorbate is on the surface rather than on
Green’s functionsGy,, and G, for the full system intro- the STM tip. This general case will be the topic of a future
duced in Appendix B. The bare metal-tip system is describedtudy. If the tip distance from the adsorbate is much larger
by the Hamiltonian of Sec. Il witleg=U=t,,=V,,=0. Us-  than the adsorbate-metal separation, so thg&V,, the

ing the equations of motion, we can write self-energy is well described by the first term only. In such a
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case, the STM does not strongly modify the studied systenin Eq. (B2), and vice versa. The solutions are then expressed
It is then reasonable to characterize the system without thg, terms ofG,, épp, , andTpa discussed in Appendix A as
presence of the STM tip, and then consider the tunneling.

Finally, we discuss the Green’s functi@, in limit (b) -~ ~
for a Kondo impurity which is likely to show stronger de- Gpazz GpprtpraGa- (B4)
pendence on the bias and tip interaction. We find the non- P
equilibrium Green’s functiors, under the same assumption We will also need the solution fo6G,,. The tip-induced
that lead toEg for the noninteracting Anderson Hamiltonian. correction toV,, contributes to the phase &, as well as
We solve the interacting system in the limit 0f=c using its magnitude, and could thus affect the line shape signifi-
the NCA approximation. The self-energy is not a simple suncantly in the strong-coupling limit. But it should be particu-
of the two contributions from the metal and tip as it was thelarly weak whent,,,t,,<Vy,, and it will be safe to ignore
case in the noninteracting system, because the occupation ibf We write
the resonance is limited to one electron and the hybridization
is now correlated—formally through the slave boson Green'’s B ~
function B(w). The two coupled equations are solved self- Gar= Ga% Va Grrk- (BS)
consistently.
The second term in EqB3) is negligible when the tip-
adsorbate separation is much larger than the adsorbate-metal
separation. Neglecting this term is equivalent to replacing
. _ _ . Gpp—Gpdpp in Eq. (B4) and Gyw— Gy and Vi,

In this appendix, we find the solution for2{;t,;Gpx  —V,,in Eq.(B5). The tip-adsorbate Green’s functi@),, is
+ 2 4ptapGpa) ENtering the expression for the tunneling cur-then expressed entirely in terms @f, and the unperturbed
rent[Eq. (3.3)] for the general case of arbitrary tip-system conduction electron Green’s functions.
coupling. Ultimately, the interesting regime in connection  The second term in E3.3) contains the tip-metal propa-
with typical STM experiments is one in which,t,, gator G, which satisfies
<V,k. However, we want to be able, in principle, to study
the system when the coupling of the STM tip to the system
and the tunneling current are strong. This creates nonequilib- (0= €p)Gp= ; tpaGakt 2 Lok Gk - (B6)
rium occupation on the adsorbate resonance and modifies the k
spectroscopic properties of the system. We therefore procedtlis expressed in terms d&,, [Eq. (B5)] discussed in the
by deriving the most general expression valid for arbitraryprevious paragraph, and in terms®f,,, the Green’s func-
coupling strengtht,, andt,,, and discuss an approximation tion for the substrate conduction electrons
(b) that allows us to take into account the most important
nonequilibrium effects as described in Appendix A. For this

APPENDIX B: EQUATIONS OF MOTION
FOR G, AND Gy,

purpose we introduce the Green’s functi®p,(w), Gp(w), (0= €0)Gr= e + ; VieaGakt % Lk pGpk-
G (@), Gppr(w), andGy,(w) as the Fourier transform of (B7)
Gij(tt)= —i(TCci(t)ch(t’)). (Bl)  We see thaG, couples toG [Eqg. (B6)], and also taG,

[Eq. (B5)], already solved in terms @, andG,, . The last

We now turn to the equations of motion for the Green’stwo equations can be solved self-consistently to give
functions relevant for the tunneling current. The following
expressions are valid for arbitrary interactior# 0, and the
nature of the intra-adsorbate interactions are contained fully
in the solution forG, discussed in Appendix A. The first
term in the currenfEqg. (3.3)] contains the tip-adsorbate and
propagator which satisfies

Gk= Gkt k§|:4 Gierk, Vak, GaVik,aCik (B8)
172

kaZE Gpp’ tp’k+z tp’aGaVakl GE (Bg)
(w—ep)epaztpaea+2k tpkGra- (B2) p’ ak’
For the purpose of analytic continuation, it is important to
This is expressed in terms @&,, already solved within a keep track of the order in which the Green’s functions appear
given approximation in Appendix A through EGA2), and in  in the product in the above equations. The equilibrium limit
terms of the metal-adsorbate Green'’s function of the theory is achieved by neglecting the last term in Eq.
(B7) along with the equivalent approximations f@y, and
G, discussed above. This removes the self-consistency re-
(0= €)Cra= VkaGa+2p tkpGpa- (B3) guirement and neglects the effect of the tip on the substrate
conduction electrons, but not on the tunneling current. The
The last two equations are coupled and need to be solvesblution forG,,, is then identical to that of the system with-
self-consistently. We do this by substituting EB3) for G,  out the tip.
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The rules for writing the expression for the “lesser” and AR(A) = BR(A). .. 7R(A) (B11)
retarded functions in the frequency space can be summarized
as follows**~4628|f the time-ordered Green’s functiok(w)  and
is given in terms of the product of propagators,

A(w)=B(w) Z(w): (B10) A==---+BR..C=-..ZA+.... (B12)

then We refer the reader to Haug and Jatfhior details.
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