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The use of the scanning tunneling microscope (STM) for the investigation of Kondo adatoms on normal
metallic surfaces reveals a Fano-Kondo behavior of the conductance as a function of the tip bias. In this work,
the Doniach-Sunjic expression is used to describe the Kondo peak and we analyze the effect of a complex Fano
phase, arising from an external magnetic field, on the conductance pattern. It is demonstrated that such phase
generates local oscillations of the Fano-Kondo line shape and can lead to the suppression of anti-resonances.
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I. INTRODUCTION

The electron transport through normal metallic junctions
at zero temperature is governed by a tunneling transmission
probability T through an effective potential barrier formed in
the contact region. In a single mode approximation, the con-
ductance is given by the Landauer-Buttiker formula G junc =
2e2

h T .
Magnetic impurities (or Kondo adatoms) on metal sample

surfaces cause deviations of the conductance from this value
as it was observed by many experimental groups that use the
STM (Scanning Tunneling Microscope) techniques [1–3].

These investigations reveal the spatial distribution of the
charge density oscillations around the Kondo adatom re-
flected in the tunneling conductance curves behavior around
the Fermi level in tip bias measurements.

Usually the STM experiments are performed in systems
with single Co atoms on Au(111) [1, 2], Cu(100) or Cu(111)
surfaces [3] or with cobalt carbonyl complexes Co(CO)n
[4] and the manganese phthalocyanine (MnPc) magnetic
molecules adsorbed on the top of Pb islands [5].

The main feature of such systems is the Fano-Kondo shape
[6] for the conductance measured as a function of the tip bias.
The corresponding mechanism is similar to those behind the
anomalous transport properties in dilute magnetic alloys [7]
, i.e., the Kondo effect. The latter is understood as an anti-
ferromagnetic screening of the localized impurity by the host
metallic electrons, efficient below the characteristic Kondo
temperature TK .

In this work, we consider a situation when a magnetic mo-
ment localized at the adatom site is coupled to two electron
reservoirs: the conduction bands of the STM tip and of the
host metal (Fig.(1)). The presence of these two couplings
cause the Fano effect, initially observed in atomic physics
[8]. It occurs due to the quantum interference between the
electron tunneling from the adatom discrete level into the con-
tinuum of the STM tip and the host metal conduction bands.
The interplay between these two effects is called Fano-Kondo
effect.

We derive a formula for the tunneling conductance of the
impurity-metal STM system in the Kondo regime. It is shown
that the conductance strongly depends on the applied tip-host

FIG. 1: Scanning Tunneling Microscope (STM) apparatus: a metal-
lic tip above a host metal surface and lateral placed to a Kondo
adatom. This system exhibits the Fano-Kondo effect.

metal bias, the tip-adatom lateral surrounding distance and
the Fano factor for the interfering tunneling channels.

Based on studies of conductance through Aharonov-Bohm
interferometers with embedded Quantum Dots [9, 10], we
consider an imaginary Fano factor, arising from a magnetic
field present in the tunneling gap region. The possibility of
the appearance of an imaginary part in the Fano Factor for
the STM system, was already pointed out in [2], but without
deeper investigations.

In the present work, we describe the Kondo peak using
Doniach-Sunjic expression, known from a previous Numer-
ical Renormalization Group (NRG) analysis for the impurity
spectral density [11, 12]. It should be noted that alterna-
tive theoretical approaches, can be found in the references
[13, 14].

We reveal a mechanism of local oscillations of the Fano-
Kondo line shape, due to this complex Fano factor and es-
tablish the condition of the suppression of the Fano anti-
resonances for a certain value of the phase of the Fano factor.

II. THE MODEL

The description of the metallic host and its interaction with
the adatom can be performed within the framework of the sin-
gle impurity Anderson model [15] with a half-filled noninter-
acting conduction band. The conduction energies are mea-
sured from the Fermi level (ε = 0) and extend from −D to D.
The model Hamiltonian is
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HA = ∑
σ

∫
εc†

εσcεσdε+ εd ∑
σ

d†
σdσ +Und↑nd↓

+

√
Γ

π
∑
σ

∫
dε

(
c†

εσdσ +H.c.
)

. (1)

The operator cεσ of the conduction band is

cεσ = ∑
~k

c~kσ
δ(ε− εk)/

√
ρ0. (2)

with a host metal spin and energy-independent (flat band)
density of states ρ0 per spin. This is a reasonable approxi-
mation for the bias and temperature ranges considered, i.e.,
|eV |<< D and T << TK for a tip bias V .

The first term of (1) represents the surface free conduction
states of the host metal band, the second and the third are the
adatom Hamiltonian characterized by the electron occupation
number ndσ = d†

σdσ for the spin σ (σ =↑,↓) with energy εd
and Coulomb repulsion U.

The last term, proportional to Γ, corresponds to the lo-
cal coupling between the adatom and the host metal and is
responsible for a broadening of the discrete levels εd and
εd +U. In the Kondo regime, there is a third peak at the Fermi
level, with a half-width given by ΓK = kBTK .

The Anderson model (1) allows three possible configura-
tions for charge fluctuations at the adatom site, the adatom
can be empty, singly occupied with energy εd , or doubly oc-
cupied with energy 2εd +U .

The hopping between the conduction electrons and the va-
lence states is characterized by the matrix element υ, which
allows charge transfer at the rate Γ/~, with Γ = πυ2ρ0.

In this paper, we focus on the conditions Γ << −εd ,εd +
U, and εd << εF ,εd +U >> εF , which exclude the empty
and double adatom electronic occupation contributions to the
system ground state.

For this range of the parameters, the Anderson model (1)
can be mapped into the Kondo model by the use of the
Schrieffer-Wolf transformation [16].

The full STM Hamiltonian HST M consists of HA added to
the tip conduction band Htip and to the tunneling Htun

(
~R
)

Hamiltonians,

HST M = HA +Htip +Htun

(
~R
)

, (3)

where Htip is analogous to the first term on the right-hand side
of the expression (1), i.e.,

Htip = ∑
~pσ

ε~pa†
~pσ

a~pσ (4)

and Htun

(
~R
)

is

Htun

(
~R
)

= ∑
~pσ

[
tca†

~pσ
Bσ(~R)+H.c.

]
. (5)

The operators a~pσ describe the STM tip conduction states.
The Bσ(~R) operator is

Bσ(~R) =
[∫

Ñ−1
ε C̃εσdε+qR

√
πΓρ0dσ

]
/NqR , (6)

with C̃ε given by

C̃εσ = Ñε∑
~k

ϕ~k(~R)c~kσ
δ(ε− εk). (7)

The normalization factors are

Ñε =

[
∑
~kσ

|ϕ~k(~R)|2δ(ε− εk)

]−1/2

, (8)

NqR =
√

1+ |qR|2. (9)

Here, ϕ~k(~R) is a host conduction wavefunction at a position
~R.

Following the procedure of the works [9, 10], we account
for a magnetic flux by adding complexes phases in the hop-
ping terms of the Hamiltonian (5). Therefore, we define ac-
cording to Ref. [17],

qR = (πΓρ0)
−1/2 tdR

tc
= |qR|exp(iφ) , (10)

as the position dependent complex Fano factor, given by the
ratio between the tip-adatom coupling tdR and the tip-host
metal coupling tc.

The Fano parameter, as we shall see, monitors the quantum
interference between the tunneling channels [18].

The hopping term tdR vanishes at R → ∞ and ensures
the boundary STM adatom free tunneling condition G junc =
2e2

h T, with T = 2 |πtcρtip|2 as the transmission probability of
the STM tip-host metal potential barrier.

III. THE METHOD

We treat the STM having a tip-host metal weak energy-
independent coupling |tc|. The conductance formula is cal-
culated up to the second order in |tc|, with Htun

(
~R
)

being
considered perturbatively [17]. Therefore, the tunneling con-
ductance is given by

G = Gmax ∑
σ

∫
ρDOSσ(ε+ eV,T,R,qR)

(
− ∂

∂ε
f (ε)

)
dε,

(11)
where we defined Gmax ≡ N2

qR
ρ
−1
tip G junc and

ρDOSσ(ε,T,R,qR) =−1
π

ℑ << Bσ(~R)|B†
σ(~R) >>ε, (12)

as the position dependent spectral density of states, deter-
mined from the imaginary part ℑ of the retarded Green’s
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function << Bσ(~R)|B†
σ(~R) >>ε thermally averaged over the

eigenstates of the Hamiltonian (1).
The density of states (per spin) ρtip is also taken as a flat

band with a value equal to the host metal conduction band
density of states (an extended procedure for the derivation of
the conductance formula can be found in the work done by
Wein Fan [19]).

Looking to the expression (7), one sees that the tunneling
conductance depends on non-orthonormal fermionic opera-
tors (6), i.e.,

{C̃†
εσ,cε′σ}=

Ñε√
ρ0

δ(ε− ε
′)F~R(ε) (13)

with a spatial function F~R(ε) given by

F~R(ε) = ∑
~k

ϕ~k(~R)δ(ε− εk). (14)

The operator (6) can be expressed in terms of fermionic
operators orthonormal to the cεσ.

Such operators will split the conductance into a back-
ground contribution dependent on the tip-adatom lateral dis-
tance, direct tunnelings from the tip-host metal couplings and
their quantum interference.

We perform this procedure using the operator

c̃εσ = N0

(
C̃εσ−

Ñ0√
ρ0

F~R(0)cεσ

)
, (15)

with a normalization factor evaluated at the Fermi level ε = 0,
i.e.,

N0 =

{
1−
∣∣∣∣ Ñ0√

ρ0
F~R(0)

∣∣∣∣2
}−1/2

. (16)

This leads to the following expression for Bσ(~R)

Bσ(~R)

=
[ ∫

dεc̃εσ

Ñ0N0
+
√

2
F~R(0)

ρ0
f0σ +qR

√
πΓρ0dσ

]
/NqR ,

(17)

where we introduced the normalized fermionic operators f0σ

associated with a localized conduction state centered at the
impurity site as

f0σ =
√

ρ0

2

∫
cεσdε. (18)

Details of the procedure can be found in Ref.[20].
As the Kondo effect occurs at low temperatures (TK >>

T → 0), we consider small thermal energies neglecting tem-
perature effects due to the Fermi surface broadening, replac-
ing the Fermi Dirac derivative by the delta function and sub-
stituting ρDOSσ (ε,T,R,qR) by ρDOSσ (ε,T = 0,R,qR) in the
integral on the right-side of (11).

Defining tanδq ≡ |qR| , we finally find a tunneling conduc-
tance expression at the tip bias

G(eV,T << TK ,R,qR) = Gmax ∑
σ

ρDOSσ, (19)

where

ρDOSσ/ρ0 =
[
1−
(
F~R(0)/ρ0

)]
cos2

δ
2
qR

+ sin2
δq sin2

δε

+ 2
[
F~R(0)/ρ0

]
cosφ

× sinδq cosδq sinδε cosδε (20)

+
[
F~R(0)/ρ0

]2 cos2
δq cos2

δε.

In (20), we used zero temperature Anderson Model Green’s
function identities [7, 15] and Doniach-Sunjic spectral den-
sity [11]

ρdσ(ε) =
1

πΓ
ℜ

[
iΓK

ε+ iΓK

] 1
2

=
1

πΓ
sin2

δε (21)

for description of the Kondo peak.
The terms proportional to sin2

δε and cos2 δε represent di-
rect tunnelings from the STM tip to the adatom and to the host
metal conduction band, respectively.

The interference between the tunneling channels is given
by the mixture term sinδε cosδε.

The Doniach-Sunjic expression (21) for the Kondo peak
was used before for the determination of the specific heat,
the magnetic susceptibility and the electrical resistivity of the
Single Impurity Anderson Model [12]. And more recently,
it was employed to fit the experimental data for the tunneling
conductance of individual manganese phthalocyanine (MnPc)
molecules adsorbed on the top of Pb islands [5].

The lateral tip-distance conductance depends on the choice
of the set of the wavefunctions ϕ~k(~R), specific for each sys-
tem of interest. However, at R = 0 the behavior is spatial
independent. Therefore, we derive a tunneling conductance
behavior dictated by the following spectral density

ρDOSσ/ρ0 = cos2 φ

2
cos2 (δeV −δq)

+ sin2 φ

2
cos2 (δeV +δq) , (22)

where we used from (14), FR=0(0) = ρ0.
The expressions (19) and (22) are the main result of this

work.

IV. ANALYSIS

Real Fano Parameter-If φ = 0, the conductance depends
only on the phase shift δeV − δq as can be seen from (22).
The left side of Fig.2 shows the conductance as a function of
the tip bias. The case q = 0.001 corresponds to the weak-
coupling situation (q→ 0) between the adatom and the STM
tip, where the tunneling into the host metal is suppressed by
the screening around the adatom localized magnetic moment.
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FIG. 2: Results at TK >> T → 0 using the Doniach-Sunjic descrip-
tion for the Kondo peak. The left plot shows different real Fano pa-
rameters for the spectral density ρDOSσ/ρ0σ at R = 0 against eV/ΓK ,
where ρ0σ = ρ0. The Fano-Kondo line shape appears for q = 1. The
right plot shows different complex Fano parameters for the spec-
tral density ρDOSσ/ρ0σ at R = 0 against eV/ΓK . For q = 1 and for
a given voltage, we note that the Fano-Kondo line shape oscillates
due to the variation of the phase φ with a suppression given by the
condition φ = π/2.

In the case q = 10 (strong-coupling between the adatom
and the STM tip, i.e., q→∞) the screening enhances the tun-
neling into the adatom and recovers the Kondo peak at the
Fermi level.

The intermediate case q = 1.0 corresponds to the two tun-
neling channels opened, which appears as a Fano-Kondo line
shape. In this configuration, the tunneling competition from
the tip into the host metal conduction band and into the
adatom occurs.

Complex Fano Parameter-The right side of Fig.2 shows the
effect of the phase φ of the Fano factor on the conductance

pattern. We see that with the increase of the Fano phase, the
Fano-Kondo line becomes flattened until is transformed into
a horizontal line tip bias independent, where the Fano-Kondo
effect is thus suppressed for φ = π/2. In this regime, the in-
terference between the tunneling channels are canceled and
the conductance through a normal metallic junction is recov-
ered, i.e., G(eV,R = 0,φ = π/2) = G junc. For φ > π/2, the
competition between the tunneling channels is reversed and a
symmetric behavior is observed.

We point out that the tune of the Fano phase factor turns
the STM tunneling conductance similar to the conductance
measured through a quantum dot in Aharonov-Bohm inter-
ferometers, as a function of the quantum dot level position
[9, 10].

V. CONCLUSIONS

We have shown that a complex Fano factor, due to an exter-
nal magnetic field, gives local oscillations for the STM tun-
neling conductance. For φ = π/2, the Fano-Kondo effect is
totally suppressed and the conductance becomes tip bias in-
dependent (Fig.2).
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[4] P. Wahl, L. Diekhöner, G. Wittich, L. Vitali, M.A. Scheneider
and K. Kern, Phys. Rev. Lett. 95, 166601 (2005).

[5] Ying-Shuang Fu, Shuai Hua Ji, Xi Chen, Xu-Cun Ma, Rui
Wu, Chen-Chen Wang, Wen-Hui Dua, Xia-Hui Qiu, Bo Sun,
Ping Zhang, Jin Feng Jia and Qi-Kun Xue, Phys. Rev. Lett. 99,
256601 (2007).
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