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Abstract

The present topical review focuses on recent advances concerning an intriguing phenomenon in
condensed matter physics, the scattering of conduction electrons at the localized spin of a
magnetic impurity: the Kondo effect. Spectroscopic signatures of this effect have been observed
in the past by high-resolution photoemission which, however, has the drawback of averaging
over a typical surface area of 1 mm?. By combining the atomic-scale spatial resolution of the
scanning tunneling microscope (STM) with an energy resolution of a few tens of ueV
achievable nowadays in scanning tunneling spectroscopy (STS), and by exposing the magnetic
adatom to external magnetic fields, our understanding of the interaction of a single magnetic
impurity with the conduction electrons of the nonmagnetic host has been considerably
deepened. New insight has emerged by taking advantage of quantum size effects in the metallic
support and by decoupling the magnetic adatom from the supporting host metal, for instance by
embedding it inside a molecule or by separating it by an ultrathin insulating film from the metal
surface. In this way, Kondo resonances and Kondo temperatures can be tailored and
manipulated by changing the local density of states of the environment. In the weak coupling
limit between a Kondo impurity and a superconductor only a convolution of tip and sample
DOS is observed while for strongly coupled systems midgap states appear, indicating
superconducting pair breaking. Magnetic impurities with co-adsorbed hydrogen on metallic
surfaces show pseudo-Kondo resonances owing to very low-energy vibrational excitations
detected by inelastic tunneling spectroscopy. One of the most recent achievements in the field
has been the clarification of the role of magnetic anisotropy in the Kondo effect for localized
spin systems with a spin larger than § = 1/2.

(Some figures in this article are in colour only in the electronic version)

Contents 6. 3d transition metal atoms on ultrathin dielectric films 12
1. The Kondo effect o 7. The interplay between magnetic anisotropy and Kondo
2. The Kondo resonance on Ce adatoms revisited 6 effect 13
3. Pseudo—I.(ond.o resonances: observation of very low- 8. Interactions between magnetic adatoms 14
energy vibrations 7
4. Probing the Kondo effect of individual magnetic 9. Outlook 16
adatoms with a superconducting tunneling tip 10 Acknowled 16
5. Impurity-induced midgap states inside a superconduct- cknowledgments
ing energy gap 1T References 16

0953-8984/09/053001+19$30.00 1 © 2009 IOP Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0953-8984/21/5/053001
mailto:markus.ternes@epfl.ch
http://stacks.iop.org/JPhysCM/21/053001

J. Phys.: Condens. Matter 21 (2009) 053001

Topical Review

1. The Kondo effect

The electrical resistance of pure metals usually decreases with
decreasing temperature. This is a consequence of electron
scattering due to lattice vibrations, which are gradually frozen
out when reducing the temperature. However, already in
the 1930s it was discovered that, in some metals containing
magnetic impurities, the electrical resistance increases again
below a certain temperature [1, 2]. The origin of this effect
remained obscure for a long time and was finally explained in
1964 by Kondo [3, 4].

Kondo showed that these experimental observations can
be understood within a scattering model, which takes explicitly
into account the interaction of the spins of the conduction
electrons of the host metal with the localized spin of the
magnetic impurities (see figure 1). This behavior is termed ‘the
Kondo effect’. It only arises if the impurities are magnetic, i.e.
if the total spin of all electrons of the impurity atom is unequal
to zero.

A very intuitive model to describe a single magnetic
impurity embedded in a nonmagnetic metallic host was given
by Anderson [6]. The so-called ‘Anderson single-impurity
model” simplifies the full electronic structure by assuming only
a single orbital state which can be filled with no, one or two
electrons. For the prototypical transition metal cobalt (Co)
with its odd number of 3d electrons (electronic configuration:
[Ar]3d74s?), this localized state is a d state, while for the
prototypical rare earth metal cerium (Ce) with its single 4f
electron (electronic configuration: [Xe]4f!'5d'6s?) it is a 4f
state. The singly occupied 4f state (4f!) is located below
the Fermi energy at binding energy ¢ and is separated by
the Coulomb repulsion energy U from the 4f state occupied
with two electrons with opposite spins (4f?) as sketched in
figure 2(a). Due to the hybridization between the 4f states
and the continuum of electronic states in the metal host, the
4f levels are broadened by A = py|V|?, with py as the DOS at
EF of the supporting metal and V' as the hybridization matrix
element which couples the localized state with the continuum
of band states.

Exchange processes can take place which flip the spin of
the impurity from the ‘up’ to the ‘down’ state, or vice versa, as
it is schematically shown in figure 1(a), while simultaneously
a spin-excitation state close to the Fermi energy is created.
In the framework of the Anderson model this process can
be realized in two different ways: either first emptying the
4f state (4f' — 4f%) and then refilling it, or first putting a
second electron into the 4f state (4f' — 4f%) and successively
removing one electron. The final 4f! state, however, can be in
the opposite spin state as compared to the initial one. These
two processes are schematically drawn in figure 2(b).

While classically an energy of at least —e; is necessary
to bring the electron from the singly occupied 4f' state to an
empty state in the metal at Ep, and an energy of at least U + €
is necessary to bring another electron from an occupied state in
the metal at E into the 42 state, in the quantum mechanical
framework the Heisenberg uncertainty principle permits this
excitation as a virtual process for a very short time of about
h/\es| or h/|es + U], respectively [8]. Within this timescale

of some femtoseconds (10™" s), another electron has to tunnel
from the occupied Fermi sea back to the impurity, or from the
impurity back to the unoccupied part of the Fermi sea.

This spin exchange modifies the energy spectrum of the
system. Taking many such processes together, a new ground
state with lower total energy, the so-called Kondo resonance, is
generated very close to the Fermi energy (see figure 3). This
resonance is clearly a many-body phenomenon—the many
electrons of the free-electron gas are decisive in the interaction
with the localized state of the impurity: together they form the
nonmagnetic Kondo singlet state in which the spin of the im-
purity is paired with the many electrons of the bulk continuum.

At T = 0 K the Kondo resonance near the Fermi
energy has a half-width at half-maximum of I, which can be
described by a characteristic temperature, the so-called Kondo
temperature Tx:

r
R=E_~rxn6me”, (D
B

and is expressed by the parameters of the system as [10]
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The peak height has a strong temperature behavior and
decays for T « Tx slowly with 1 — ¢(T/ Tx)? [11] but
logarithmically for T 2 Tk [12, 13]. Also the resonance width
2I" depends on the temperature and is equal to equation (2)
only at 7 = 0 and is, for finite temperatures, 2I" =
V(akgT)? 4 (2kgTx)? [14, 15]. The linear growth of the
width at T > Tx with « as the slope can be understood in
the framework of the Fermi liquid model [11]. It is the result
of the smearing of the Fermi—Dirac distributions for the initial
and final sample electron states during the transition via the
intermediate state for the processes depicted in figure 2(b),
leading to a value of @ = 5.4 [16].

The Kondo effect and its theoretical foundations have now
been known for quite a long time. The existence of the Kondo
resonance in dense Kondo systems like solid surfaces or thin
films of y- and o-cerium as well as in Ce-heavy-fermion
compounds has been experimentally confirmed by high-
resolution photoemission electron spectroscopy (PES) [17-22]
and by inverse photoemission [23, 24].  While these
measurements always probe an ensemble of impurities due
to the limited spatial resolution in PES, STM opened the
unique opportunity to detect the Kondo effect in the smallest
conceivable Kondo system: a single magnetic atom supported
on top of a nonmagnetic metal. It was only in 1998
when the Kondo effect was detected on single adatoms using
STM [25, 26] and in single quantum dots containing about 50
electrons by means of transport measurements [27, 13]. These
fascinating results stimulated a genuine ‘revival of the Kondo
effect’ [8]. (See also earlier reviews [28—30] on the subject.)

In general, STS measurements on magnetic atoms
supported on metallic surfaces do not detect the Kondo peak in
the spectral function close to Er, but rather a dip-like structure
as shown, for example, in figures 5 and 6 for measurements on
single cobalt adatoms on Ag(100) and Cu(111).
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Figure 1. Kondo scattering on a single magnetic impurity [5]. (a) At sufficiently low temperatures an electron |l; J) of the host metal can be
scattered at the impurity into the new state |k’ 1) by spin exchange with the spin moment of the magnetic atom. While in (a) the dynamic of
the spin-flip process is shown, the snapshot in (b) sketches the effect of this permanent flipping. The magnetic moment of the impurity is

screened over the characteristic Kondo screening length &.
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Figure 2. (a) Schematic drawing of the energy-dependent DOS in the experimental situation of a single magnetic adatom on a metal

surface [7]. (b) The spin of the singly occupied 4f state can be flipped by a bulk electron of opposite spin via process 1 or 2 in which the
adatom is either doubly occupied (process 1) or empty (process 2) during the intermediate step. These processes form the Kondo resonance
close to Eg. (c) Electrons from a probing tip can now tunnel directly into empty states of the sample (1) or into the Kondo resonance (2). These
tunnel processes conserve the electron spin while the third process is an indirect transition via a spin-flip process on the magnetic adatom (3).

To understand this behavior, we consider a situation as
depicted in figure 2. A magnetic adatom (for example,
Ce) is placed on top of a metal surface. The occupied
4f' state is located below Ep, separated by U from the 4f>
state. At sufficiently low temperature the antiferromagnetic
exchange interaction between electrons of the host metal and
the localized magnetic state on the adatom creates a resonance
close to Ep as described in figure 3. Electrons originating
from the probing tip have now three possibilities to tunnel
into the sample. They can tunnel directly into empty bulk
states above Ep of the metal (path 1 of figure 2(c)), into the
Kondo resonance which lies close to E (path 2) or indirectly
via a spin-flip process into the hybridized and localized state
of the magnetic adatom (path 3). The two different paths
which conserve the spin (paths 1 and 2) are chosen by the
tunneling electrons with probabilities given by the tunneling
matrix elements #; and #, for tunneling into bulk states and
the Kondo resonance, respectively. As a result, the tunneling
current, being a coherent quantum effect, is determined by the
quantum interference between both channels [7]. The third

process (path 3), in which the electron from the tip tunnels
directly to the orbitals of the adatom and changes its spin, will
be of interest in section 6. Here we note that this process cannot
contribute to the interference because it results in a final state
with different spin. Thus, in typical STS experiments with
weak tip—sample coupling, the tip acts as a true probe which
does not influence the spectral function of the Kondo system.
For tunnel junctions close to point contact this picture alters
because now higher-order spin-flip processes are expected to
additionally contribute to the interference [31].

Fano showed that the interference between both paths
leads to an energy spectrum p(E) which is described by the
so-called Fano equation [32]:

(g+e)’
E) x -, 3
P(E) o po+ =~ 3)
where € is the normalized energy:
E—-FE
€= ——-%, )
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Figure 3. Simulation of the 4f spectral function Ay(w) of a single
magnetic impurity of cerium [5]. The singly occupied 4f! state lies
below the Fermi energy at ¢; and is broadened by A due to
hybridization with the conduction electron gas of the host. The
Coulomb repulsion U separates the unoccupied 4f> state from the 4
state. The Kondo resonance occurs at approximately Er and has a
half-width at half-maximum of kg 7. Parameters used for the
calculation after [9]: eg = —2eV,U =5eVand A = 0.34¢eV.
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Figure 4. Set of curves calculated with the normalized Fano
equation (5) for different ¢ values. At ¢ = 0 a Lorentzian dip is
detected which corresponds to mainly direct tunneling. In the limit of
large g a Lorentzian peak is formed corresponding to mainly indirect
tunneling (see equation (6)). Intermediate values of ¢ result in an
S-like curve. All curves are shifted with respect to each other for
clarity.

with Ex as the position and I' as the half-width at half-
maximum of the obtained curve. The lineshape of the curve
described by equation (3) is determined by the form factor
g which results for ¢ — o0 in a Lorentzian peak and for
g = 01in a Lorentzian dip. The resulting lineshapes for a few
intermediate g values are shown in figure 4.

Following a suggestion by Lutz, the appearance of a Fano
lineshape in tunneling spectra of Kondo systems is easily
understood by drawing a classical analogy in which the many-
electron Kondo resonance around EF is described by a weakly
damped harmonic oscillator. The transfer function of this
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Figure 5. Kondo resonance measured on a single Co adatom on
Ag(100) (lower curve) in comparison to the spectrum of the bare
Ag(100) (upper curve) [5]. The data were obtained with a Ptlr tip.
The smooth curve (red) is a Fano fit to the lower curve with the best
fit parameters of ¢ = 0.60 £ 0.05, ' = 8 = 1 meV and

Ex = 3 2 meV. Tunneling parameters before opening the feedback
loop: Vi = —46mV, It = 0.5nA, Vs = 1 mV, T =4.7K.
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Figure 6. Kondo resonance measured on a single Co adatom on
Cu(111) with an Ir tip and the corresponding Fano fit (smooth red
curve) [5]. Tunneling parameters before opening the feedback loop:
Vr = -=20mV, It = 0.5 nA, Vi4oa = 0.28 mV at a base temperature
of T = 1.2 K. The parameters of the fit are given in the figure.

oscillator #,, which is the ratio of response to a drive amplitude,
is t, = 1/(1 + ie). Here € is defined as in equation (4) and
|£2]*> = 1/(1 + €?) is the Lorentzian of the resonance. Now we
add a constant to describe the direct tunneling of path 1. We
will use without any restrictions t; = —1/(1—ig). STS detects
the absolute square of the sum of #; and #,, which is indeed the
Fano equation (3):

Lo Lo 1 @+e?
1+ie| 1+g% 1+€

It + 6> = (5)

1-ig

The form factor g is given by the ratio between the direct
and the indirect tunneling process at the resonance energy
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with V as the hybridization matrix element between the
localized state and the continuum of the surface and A(¢) as a
slowly varying parameter in energy and spatial location which
accounts for the admixing of states from the continuum of the
surface [32].

As the 4f orbitals of cerium are localized close to the
nucleus of the adatom [33] owing to their centrifugal barrier,
the tunneling probability #, into the Kondo resonance is
strongly reduced compared to the probability #; to tunnel
directly into the more extended s and p orbitals of the host
metal [34]. Therefore, for measurements on Ce, g values
close to zero are expected. To a first approximation, this
argument holds also for the 3d states of magnetic transition
metal adatoms. For example, from d//dV measurements on
single Co adatoms supported on an Ag(100) or on a Cu(111)
surface, as presented in figures 5 and 6, form factors of ¢ = 0.6
and 0.5, are obtained, respectively.

In general, the quantitative analysis of a Kondo system in
STS measurements is difficult. For example, the parameters
of the Fano fit for the Co/Ag(100) and Co/Ag(111) systems
(figures 5 and 6) were found to be different from values
available in the literature [35-37]. The main problem as
opposed to PES so far is the difficulty to detect the localized
ionized 4f or 3d states and/or their crystal-field-split states
directly with STS. Thus one is restricted to the analysis of
the Kondo resonance close to Er and a test of the resulting
Anderson model parameters with higher-lying levels is not
possible.

Unfortunately, the resonance signal in STS rarely has
a well-formed Fano lineshape. Consequently, the fit of
equation (3) to the obtained data results in different parameter
sets depending on the assumed background and on the energy
window of the data taken into account for the fit.

Another example for the difficulties to extract quantitative
results from the lineshape analysis is the ongoing discussion
of the influence of the surface state electrons on the
Kondo resonance. While some authors conclude from their
experiments that there is no or only a minor influence [35, 38],
others infer from their analysis a clear indication for the Kondo
scattering of surface state electrons [39]. Support for the
latter finding is given by the detection of a quantum mirage
Kondo resonance in the second focus of an elliptical corral
on Cu(111), where only the first focus is occupied by a Co
adatom [40].

In the quantitative analysis of the Kondo resonance, one
important parameter is the average occupation number n¢ for
the 4f (3d) states of the adatom on the surface [10, 9]. While
the atom has an integer number of 3d or 4f electrons in the gas
phase, which is given by the nuclear charge and the position in
the periodic table, the atom on top of a surface can exchange
charge, leading to a higher or lower average occupation number
in the 3d or 4f shell. The position of the Kondo resonance Ex
(with its width I") is related to the occupation number n¢ by [10]

EK=IWm(%(1—n0). )

The average occupation number n; has the meaning of
an extra charge which is transported from the host metal to
the impurity or vice versa and ranges between ny = 0 for
the empty and ny = 2 for the doubly occupied orbital in the
Anderson impurity model. Furthermore, assuming a relatively
small hybridization energy compared to the level energies, i.e.

A <L e, AL e+ U, (8)

the average occupation number is calculated by the position of
the 4f' state and the Coulomb repulsion U [9]:

€f 1 9
=y + 5 )

The charge transfer and hybridization A of the localized 4f
(3d) states with the continuum of its host determine the Kondo
temperature (according to equations (9) and (2)) and can
be monitored by STS. The Kondo temperature changes with
the number of available nearest neighbors on the supporting
surface. An adatom has three nearest neighbors available
for hybridization on (111) surfaces (assuming the adatom
occupies a hollow site), while the nearest-neighbor number is
increased to four on top of the (100) surface. This increase in
hybridization leads to an increase of the Kondo temperature by
~40% for Co atoms on Cu surfaces [35, 37]. Furthermore,
embedded Co impurities in Cu(111) have been studied by
growing epitaxial layers of Cu with ~0.1% Co impurities on
Cu(111) samples [41, 42]. Co atoms embedded in the first
surface layer have 9 nearest neighbors and show a Kondo
temperature of Tx = 405 + 35 K [41, 42] which is close
to the bulk value of ~530 K [43] in which the Co impurity
is surrounded by 12 nearest neighbors. Also the number of
ligands, such as, for example, CO, bound to the magnetic
adatom influences the coupling of the local magnetic moment
with the metallic surface and thus the Kondo temperature [44].

Here we note that recent spectroscopic results on small
CoCu,, clusters, fabricated by atom manipulation on Cu(111),
show that the simple scaling of the Kondo temperature with
the number of next neighbors or ligands is not sufficient to
describe all observations [45]. The Kondo temperature in these
experiments increased almost linearly for CoCu, clusters with
n = 0-2 but was found to decrease again for n = 3—4 Cu atoms
per cluster. These results were accounted for by a change in
the LDOS at Er which changes the amount of hybridization
and thus the Kondo temperature. This outcome demonstrates
the importance of the local electronic structure for correlation
effects in small clusters.

In this context, metal-organic complexes, like Co-—
phthalocyanine, are interesting objects to study. For example,
they permit us to change the Kondo temperature of the
magnetic atom in the center of the complex by a controlled
removing of external hydrogen atoms [46]. In this case the
coupling between the magnetic adatom and the metallic host
is still strong enough to allow for Kondo scattering, but the
molecular orbitals inhibit sufficiently the direct tunneling path
to the metal surface. As a consequence, increased g values
result in the Fano equation (3), which lead to the observation
of a Kondo peak and not a Kondo dip in the STS spectra.
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In a closely related experiment, magnetic Fe—phthalocyan-
ine molecules have been deposited on Au(111). Depending
on the position of the magnetic adatom with respect to
the substrate (atop of a Au surface atom or in a bridge
position), a Kondo peak or a Kondo dip were observed.
This behavior was attributed to the change in the Kondo
temperature owing to the adsorption-site-dependent change
in the local density of states [47]. In a related work, the
Kondo resonance of individual Mn—phthalocyanine molecules
adsorbed on Pb islands grown on Si(111) was studied by STS.
Oscillating Kondo temperatures as a function of the lead film
thickness were observed and were attributed to the formation
of quantum-well states in the host islands [48]. Subsequently,
the influence of quantum-well states via the variation of the
density of states at the Fermi level on the oscillation of the
Kondo temperature has also been observed for Co adatoms on
Cu/Co/Cu(100) multilayers [49].

Furthermore, in going from tunneling to point contact with
an STM tip on a Co adatom supported on a Ag surface, a
concomitant increase of the Kondo temperature was observed,
indicating the clear influence of the changed local density of
states which shifts the 3d levels of the Co atom closer to
the Fermi energy and increases their broadening, i.e. their
hybridization with the bulk continuum [31].

As long as the assumptions in equation (8) are fulfilled, the
above outlined model is sufficient to describe the Kondo effect
for a wide range of different adatom—substrate systems. This is
in contrast to the still ongoing theoretical discussion [50-52] to
explain the STS spectra on strongly hybridized adatoms such
as, for example, Ti and Ni [14, 53]. In these and in similar
systems the full impurity Green’s function Gg¢(w) [10]:

G f(w) L/a ol STk, T =0, (10)
a) = 77 a) 9 = 9

of w — Exg + il ~ K

has to be used together with the term V2Gy(w) = T.(w)
which is the 7 matrix of the conduction electrons, as it
follows from the Anderson Hamiltonian [9]. The complex
lineshape observed in tunneling experiments on Ti/Au(111)
and Ti/Ag(100) [14, 53] is then due to the multiple Kondo
resonances arising from the crystal-field-split local orbitals of
the transition metal impurity [52, 54] and can be calculated

using equation (10) in the Dyson equation:

Gat(@) = G (@) + G () Te(@)GY f(w). (11

Finally, one has to remark that the dynamical spin-flip
between the localized magnetic adatom and the electrons of the
Fermi sea leads to spin-polarized electron waves (spin waves)
in the supporting metal (see figure 1(b)) [55-57].

The characteristic length scale, the so-called Kondo
screening length &g, in which the impurity spin is
antiferromagnetically screened, is given by [10]

hUF

= T

(12)

2Eg
m*

In a simplified picture &g represents the extension of the many-
particle singlet state formed between the localized magnetic

with vp = the Fermi velocity of the electrons in the host.

moment and the spin of the host electrons. For typical metals
such as Ag and Cu with vp = 10° ms~! [58], and Kondo
temperatures which range from 10-100 K for adsorbates
such as, for example, Co, & becomes relatively large with
100-10 nm. Thus, it is indeed possible that interactions
between well-ordered single adatoms, such as, for example,
in superlattices [59-61], may lead to the creation of a Kondo
lattice in which the spin-flip between individual adatoms is
correlated. Nevertheless, direct experimental evidence of the
Kondo screening cloud has not yet been detected. One reason
might be that the polarization of the screening electrons is very
small owing to the large volume of the Kondo sphere. With
&x = 100 nm, the Kondo sphere would contain more than
2 x 10® atoms [57].

2. The Kondo resonance on Ce adatoms revisited

The electronic and magnetic properties of Ce show extreme
variations with temperature and pressure, which is unique
among elemental solids [24]. At ambient conditions, solid Ce
is in the y-phase with a magnetic susceptibility of x ~ 4.8 x
1073 and a Kondo temperature of kgTx ~ 10 meV [62, 63].
At high pressure or low temperature the y-phase collapses
into the o-phase with an isostructural volume reduction of
up to 17% [64] and a concurrent decrease of its magnetic
susceptibility to x < 0.4 x 1073 and an increase in Kondo
temperature to kg7x ~ 200-250 meV [65]. Measurements
using high-resolution photoemission electron spectroscopy
(PES) on ultrathin Ce layers show reduced Kondo temperatures
of kgTx ~ 5 meV and kgTx =~ 26 meV for y-Ce and a-Ce,
respectively [17, 19].

These intriguing bulk properties and the PES results
stimulated the early investigations of the Kondo effect on Ce
adatoms on an Ag(111) surface [25], where a characteristic dip
in the tunneling spectra was found around the Fermi energy
(see figure 7). This dip has been attributed to the manifestation
of the Kondo effect via a Fano antiresonance with a Fano form
factor ¢ = 0. The width of the Kondo dip was found to be
kgTx ~ 20-30 meV, which is considerably lower than the
value for bulk a-Ce. This result was, in principle, consistent
with the expected decrease in hybridization with decreasing Ce
coordination. On the other hand, an even more pronounced
decrease in kgTx for a single Ce adatom on top of an Ag
surface could have been anticipated. Furthermore, the recent
achievement of the creation of a hexagonal superlattice of Ce
adatoms on an Ag(111) surface [59-61] cast doubts on the
claim to have observed the Kondo resonance on a single Ce
adatom. During these experiments, single Ce adatoms were
found to diffuse on the Ag(111) surface even at temperatures
as low as 4 K, leading to the formation of dimers and larger
clusters (see reference 19 in [59]). This unsatisfactory situation
motivated us to investigate the spectroscopic response of a
single Ce adatom with high-resolution STS using an STM
under UHV conditions in a *He Joule-Thomson refrigerator
with a base temperature of 0.56 K [66].

To this end, single Ce adatoms have been deposited on
a bare Cu(100) surface and on an ultrathin insulator, CuN on
Cu(100). The results of these new measurements are: a single
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Figure 7. Spectra measured presumably on a Ce cluster adsorbed on
Ag(111) at a temperature of 4.7 K (see text). The full line (red) is a
Fano fit with a half-width at half-maximum of I' = 23 mV. Data
taken from [25].

Ce adatom shows no Kondo resonance, neither on Cu(100)
nor on CuN. Consequently kg7x must be sufficiently smaller
than 0.3 meV for a single Ce adatom. However, Ce clusters
of more than 2 atoms per cluster show a very narrow Kondo
resonance with a Kondo temperature of kg7x ~ 1 meV, as
illustrated in figure 8. In the light of these new results we have
to conclude that the observation of the Kondo resonance for
Ce on Ag(111) [25] has been made on Ce clusters and not on
single Ce adatoms.

The strong reduction of the Kondo temperature for thin
layers and for single atoms as compared to Kondo temperatures
in the corresponding solids is observed in all Kondo systems.
For instance, single Co adatoms supported on noble metal
surfaces reveal a Kondo temperature of 7x = 30-100 K
in STS [26, 35, 37] (see also figures 5 and 6), which is
much lower than the bulk Kondo temperature of Tx =~
1000 K [67-69]. The reduction of the number of available
neighbors in dimensionally reduced systems leads to a decrease
of hybridization of the magnetic impurity with the bulk
electronic system of the supporting crystal [70].

3. Pseudo-Kondo resonances: observation of very
low-energy vibrations

Typically, STM and STS experiments on single adatoms
or single molecules are performed in ultra-high vacuum
(UHV) at temperatures below 7 = 10 K, where the
presence of hydrogen in the tunneling region may lead
to surprising spectroscopic signatures, depending on the
adsorbate concentration and on the tunneling parameters.
Gupta et al [71] observed on a Cu(111) surface differential
conductance (d//dV) spectra ranging from those reminiscent
of an energy gap in a superconductor to ones with negative
differential resistance features, characteristic for vibrational
excitations of an adsorbed molecule on a surface [72]. These
findings were a motivation for a detailed study of the role of the
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Figure 8. Kondo resonance measured on a Ce cluster of >2 Ce
atoms on CuN (see the inset) with an Ir tip and the corresponding
Fano fit (smooth red curve). Tunneling parameters before opening
the feedback loop: Vr = =20 mV, It = 0.5 nA, V0 = 0.28 mV at
a base temperature of 7 = 0.5 K. The parameters of the fit are given
in the figure.

low-temperature co-adsorption of hydrogen on single adatoms
of Ce, lanthanum (La) and chromium (Cr) on Ag(100) [73].

The experiments were performed in a low-temperature
STM in UHV at a temperature of 7T = 4.9 K [74]. Ce,
La and Cr atoms were thermally evaporated from pure metal
ingots wound in a tungsten filament and deposited onto a well-
prepared Ag(100) surface.

In figure 9(a), obtained on Ag(100) with a Ce adatom
concentration of 5 x 10~ monolayer (ML) at a bias voltage
of Vr = —100 mV, two different adsorbate species are clearly
distinguishable. While about 50% of the objects on the surface
are stable, the remaining ones display a ‘fuzziness’ during the
horizontal tip scan. Figure 9(b) illustrates the bias-voltage-
dependent imaging. During scanning at tunneling voltages Vr
between —90 and 4120 mV the unstable adsorbates ‘B’ are
imaged as large protrusions of typically 210 4= 10 pm apparent
height, only slightly smaller than the stable ones ‘A’ of about
230 £+ 10 pm height, determined from an analysis of 700
adsorbates. By contrast, scanning at bias voltages below Vi =
—90 mV or at +120 mV < Vgt < 4200 mV reveals several
reversible transitions of the object from a large apparent height
of 21010 pm to a small one of 95410 pm and vice versa. The
switching object spontaneously returns back to its large state
once the tip is removed during scanning, as is clearly visible in
figure 9(b). Scanning at bias voltages above 4200 mV images
the object in its large state. The instability in the line scan
indicates small lateral displacements of the adsorbate under the
tip. The switching to the small state is found for both bias
polarities, indicating that the electrostatic interaction between
tip and adsorbate creates an induced dipole [75]. However, the
effect is not symmetric, as at positive bias voltages larger than
4200 mV the adsorbate returns to its large state. Therefore
also quadrupolar electrostatic interactions at least have to be
present. Data from different Ag(100) samples with varying Ce
coverages (<0.001 ML) and different tips (Ptlr, W) show that
between 1 and 50% of all adsorbates are switchable, while the
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Figure 9. (a) STM image of a 5 x 10~* monolayer (ML) Ce on Ag(100) at a temperature of 4.9 K revealing two different adsorbate species at
the surface: a stable one A and an unstable switching object B. Scanning is horizontally line-by-line from bottom to top ((a) and (b)). Image
size: 40 x 40 nm?, Vy = —100 mV, It = 50 pA. (b) Cross sections (as indicated by the vertical white line in the topography at

Vr = —20 mV) and STM topographies of the two objects A and B at different bias voltages, showing the switching behavior in the apparent

height of object B. From [73].

remaining ones are stable. Cr and La adsorbates show similar
switching characteristics, Cr adsorbates typically switch at bias
voltages of +-300 mV.

In order to identify the chemical nature of the adsorbates,
many evaporation cycles with the hot tungsten filament were
performed. The number of switchable objects decreases to
less than 1% after numerous outgassing and deposition cycles
accompanied by a concomitant decrease of the hydrogen
partial pressure as detected by mass spectroscopy. This finding
indicated the presence of hydrogen on the sample. In addition,
STM revealed a number of depressions on the bare Ag(100)
surface, characteristic of atomic hydrogen adsorption [76-78].
Additional experimental evidence for the presence of hydrogen
on the sample was obtained from the following observation:
applying short positive voltage pulses (+4 V, 50 ms) to
the adsorbates, the unstable adsorbates are transformed into
stable objects, pointing towards a tip-induced detachment
of hydrogen [79, 46]. Moreover, a switching object can
be laterally displaced by several nm, indicating molecular
bonding between Ce and H. Consequently, the origin of the
observed surprising switching phenomenon of the adsorbates
was attributed to the presence of hydrogen. Atomic hydrogen
coadsorbs (in the gas phase, by dissociative adsorption at the
metal adatom sites, or by tip-induced diffusion in the presence
of the electric field between tip and sample [75, 80]) at the Ce,
La or Cr atoms. This hydrogen co-adsorption distinguishes
the switchable objects from the stable ones. The former
are identified as metal-monohydride molecules (MeH) and
the latter as bare metal adatoms. The intriguing switching
behavior at a threshold bias voltage indicates a flipping
between two characteristic conformations of the molecule
on the surface induced by the electric field in the STM
junction [72, 75, 81, 82].

Once switched to the small state, the MeH molecule
remains in this state even at reduced absolute tunneling voltage
below the switching voltage of ~100 mV as long as the tip
is maintained above the molecule. Evidently, in addition to
the electric field, a van der Waals force is acting between tip
and molecule. This characteristic behavior allows us to obtain
spectroscopic data of the molecule in its two states.

If the tip is placed above the CeH molecule in its large
state, the measured differential conductance d//dV is rather

featureless and constant around the Fermi energy Ep, as
indicated in figure 10(a)(1). In contrast, if the d//dV spectrum
is taken on the same molecule after being switched to the
small state, a pronounced depletion of about 20% around EF,
with a full width at half-maximum (FWHM) of ~6 meV, is
observed (figure 10(a)(2)). Similar symmetric dips around
Er are observed for LaH and CrH molecules in their small
state (figure 10(a)). As this dip is also present for LaH,
which bears no occupied 4f states, an interpretation of this
feature in terms of a Kondo resonance has to be discarded.
Consequently, the observed spectral features are identified as
vibrational excitations. Measurements with varying tunneling
resistances give essentially identical results, indicating an
inelastic tunneling process in the non-saturated regime [71].

The dI/dV spectrum for such an IET process can be
expressed as [16, 83, 71, 5]

—eVr+ E; Vi + E;
= () o ()]
v ke T ke T

(13)
where o, and o; denote the elastic and inelastic linear
conductance, respectively, Ej is the excitation energy and F is
a function defined by F(x) = [1 + (x — 1) exp(x)]/[exp(x) —
11%. The spectral lineshape shows a step-like increase of width
5.4kgT in the conductivity at excitation energies +E; with
respect to Ep. A simulation of the data with equation (13)
yields good agreement between experiment and model, as
shown in figure 10 (red). Consequently, we identify the
spectral feature as a vibrational mode of ~3 meV and &7 meV
excitation energy for the CeH (LaH) and CrH molecules,
respectively.

A careful inspection of high-resolution images reveals that
the molecule in its small state is always at the same position
on the surface when switched from large to small. However,
as shown in figure 10(b), after a switching event, the center
of the molecule in its large state is found displaced by about
0.1 nm (Ag lattice constant: 0.289 nm) as compared to its
former position in its large state.

Four different positions of the molecule in its large state
are observed on the Ag(100) surface which hints at the
geometrical arrangement of the CeH molecule on Ag(100), as
proposed in figure 10(c). Here, the hydrogen atom is supposed
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Figure 10. (a) d//dV spectra and STM topographies of metal monohydrides. CeH in its state with large (1) and small (2) apparent height, as
well as LaH and CrH in their small apparent height recorded at 7 = 4.9 K. Tunneling spectroscopy parameters: Vi = 1 mV, It = 500 pA.
Simulation of the data (smooth red line) using equation (13) yields an excitation energy E; &~ 3 meV for Ce and La and ~7 meV for Cr.

(b) One switching molecule, observed in its small state (2) at Vp = —100 mV and in its large state (1) at Vr = —20 mV. The three other
equivalent large configurations are revealed by displaying the height differences with respect to configuration (1). (c¢) Ball model (top and side
views) showing the geometry of the MeH molecule adsorbed on Ag(100) in its small (2) and large (1) apparent state.

to occupy a fourfold hollow site and the CeH molecule is lying
on the surface. The small state is assumed to correspond to a
conformation where the molecular axis is perpendicular to the
surface, a configuration stabilized by the tip. However, once
the tip is removed, the molecule returns to its large state, for
which four equivalent orientations on the surface are observed,
as sketched in figure 10(c). A scenario, where the relative
positions of hydrogen and Ce are interchanged, might also be
possible. However, as vibrational excitations for H adsorbed
on a metal surface are typically larger than 50 mV [78], which
we do not observe, this configuration seems to be less probable.

Spin-flip excitations, as observed recently for single
Mn atoms on an ultrathin oxide layer [66, 84], have to
be excluded in the present case where the adsorbates are
in direct contact with a metallic surface. It is interesting
to note that the vibrational excitation energy for CeH and
CrH molecules scales roughly with the inverse square root
of the atomic masses, confirming the vibrational origin of
the observed spectral feature. The fact that the vibrational
excitation is only observed when the metal-monohydride
molecules are in the small state can be attributed to two
factors: (i) the local electronic structure for the two molecular
conformations is different in order to selectively allow for
the excitation of vibrational mode of specific symmetry and
(ii) the large conductance drop when passing from large to
small apparent height of the molecule is accompanied by a
corresponding large increase of the ratio between inelastic and
elastic contributions to the current, making these excitations
measurable [85]. Recently, a theoretical investigation of
this switching phenomenon as well as of the very-low-lying
vibrational excitations has been performed [86].

Typical internal vibrational modes for free CrH and LaH
molecules are in the range of 200 meV [87, 88]. Furthermore,
for example, for single Co adatoms on a Cu single crystal
surface the vertical stretch mode is predicted to have an
energy of 33 meV [89]. Consequently, these modes cannot
be responsible for the low-energy vibrations detected in the
present experiment. However, very-low-energy vibrational
modes have been observed, for example, for CO molecules
and for Co adatoms on Cu surfaces in an energy range between
3 and 6 meV. They have been assigned to external frustrated
translational modes, where the molecule or atom vibrates
parallel to the surface [90, 81, 89]. Therefore, we tentatively
identify the observed inelastic vibrational excitation for the
MeH molecules with a frustrated translational mode on the
Ag(100) surface.

We note that hydrogen co-adsorption has also been
observed for single Co adatoms [5]. The Co atoms were
deposited on a Cu(l11) sample.  Subsequently, atomic
and molecular hydrogen was dosed from a heated tungsten
filament. By placing the filament directly over a mass
spectrometer it was verified that only hydrogen, which
originates from hydrogen incorporations in the tungsten wire,
was evaporated. A constant-current topographic image of the
Cu(111) surface after dosing hydrogen with the filament is
shown in figure 11(a). On top of the 20 x 20 nm? large
detail of the Cu(111) surface, seven adsorbates are visible as
protrusions. The native Co adatoms have an apparent height
of about 90 pm, as indicated by the apparent height of the
protrusion located at 1.5 nm in figure 11(b) and show a Fano
resonance close to the Fermi energy in the spectrum (see
figure 6) due to Kondo screening. The two protrusions marked
by circles in the image have a lower apparent height of only
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Figure 11. (a) STM Image of individual Co adatoms (bright protrusions) on top of a Cu(111) surface after dosing of hydrogen on the cold
sample. Image parameters: 20 x 20 nm?, Vy = —20 mV, It = 1 nA, T = 0.6 K. The periodic height modulations of a few pm amplitude are
due to interferences between surface state electrons, which are reflected at a Cu(111) step edge (bottom left) and at the adsorbates, leading to
standing wave patterns. (b) A height profile along the arrow in (a) reveals two different species with different apparent heights. The smaller
ones are marked with circles in (a). (¢c) STS (setpoint: Vr = =2 mV, I = 1 nA, Vs = 28 V) measured on the species with smaller
apparent height (dots: data, smooth red line: fit to equation (13)). The larger species show a different spectrum similar to figure 6. From [5].

~65 pm, as illustrated for the protrusion located at 7 nm in
figure 11(b). The latter were identified as Co-monohydride
molecules which show no Kondo resonance but a symmetric
dip around Ep with a half-width of only 325 £+ 25 uV,
characteristic for a vibrational excitation (figure 11(c)).

We note that the presence of hydrogen in the tunnel
junction of an STM also has other astonishing consequences
for the detection of physical properties of the system under
investigation. For example, hydrogen adsorption on the apex
of a Cr tip leads to a giant spin contrast for double-layer
Co islands on Pt(111) [91]. Adding molecular hydrogen
below its condensation temperature to the tunneling junction
of a low-temperature STM resulted in a novel imaging
method achieving ultra-high geometrical resolution on certain
adsorbed molecular species. The STM contrast could be
switched between the conventional mapping of the electronic
local density of states and the new geometric imaging by
selecting the appropriate bias voltage [92].

4. Probing the Kondo effect of individual magnetic
adatoms with a superconducting tunneling tip

The pioneering discovery of the presence of spin-polarized
quasiparticle excitations in the energy gap of a superconduc-
tor [93], induced by magnetic impurities (Mn, Gd) supported
on an Nb single crystal and measured with a normal metal Au
tunneling tip [94] opened a new avenue for the investigation
of the interactions between magnetism and superconductivity
on a local scale. Subsequently, a mirror experiment has been
performed where the role of tip and sample have been inter-
changed: a superconducting Nb cluster attached to an Au tip
was used to monitor the local influence of a magnetic cluster
(Gd trimer) supported on a normal metal surface (Cu(100)) on
the superconducting properties of the tip [95]. However, as
these measurements have been performed at temperatures of
about 3.8 K, the Bardeen—Cooper—Schrieffer (BCS) gap [96] of
the Nb tip is not yet very pronounced, which makes the detec-
tion of possible quasiparticle excitations within the gap more
difficult. Only after subtraction, division or deconvolution of
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the tunneling spectra obtained on the impurity and on the bare
metallic surface have these excitations been extracted. This sit-
uation can be improved considerably using an STM which op-
erates at a temperature of 0.6 K. Now the BCS gap of the Nb-
tunnel tip is essentially developed [97], facilitating the direct
observation of quasiparticle excitations induced by magnetic
impurities in the gap. Thus a low-temperature STM equipped
with a superconducting tunneling tip may become an ideal tool
not only for the local detection of supported magnetic impuri-
ties but also as a source or drain for spin-polarized electrons.

The measurements were performed using an STM under
UHV conditions in a *He Joule-Thomson refrigerator with a
base temperature of 0.56 K [66]. Co was deposited on a well-
prepared Cu(111) single-crystal surface. By indenting an Ir tip
between 1 and 20 wm into an Nb(110) single crystal, cleaned
by successive cycles of heating and Ar-ion sputtering, an Nb
microcrystal was attached on the apex of the tip. Using these
tips, spectroscopic d/ /dV measurements were performed with
a standard lock-in technique.

The dI/dV spectrum depicted in figure 12(a) (bright red
dots), obtained by tunneling between the superconducting tip
and the bare Cu(111) surface, shows a clear quasiparticle gap.
In order to obtain the gap value, a least-squares analysis of
the data is performed based on a convolution [5] of a constant
density of states (DOS) of the Cu sample, including modulation
voltage and temperature broadening described by the Fermi—
Dirac distribution f(E) = (1 + exple/kgT])~', with the
quasiparticle excitations p; in the tip:

alr /’°°
—00

5 (E) «
oVr
where the superconducting quasiparticle excitations are given
E—1i$

by

V(E —i8)? — A2:| ’
and f'(E) = 9f(E)/JE is the derivative of the Fermi-Dirac
distribution. Here, a small imaginary part i§ is added to the

energy in equation (15) to account for the finite lifetime of the
quasiparticles at the gap edge [98].

pi(€) f'(E —€)de (14)

pi(E) = Re|: (15)
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Figure 12. (a) Spectra of the Nb tip measured on the bare Cu(111) surface (bright red dots) and on top of an adsorbed Co adatom (dark black
dots)at T = 0.6 K, It = 3 nA and V0 = 71 nV. (b) After deconvolution an asymmetric dip is detected in the spectrum (dots) which was
successfully fitted with the Fano function using the parameters ¢ = 0.60, Ex = 4.7 meV and I’ = 2.8 meV in good agreement with [40, 35].

This analysis yields a gap of width A = 1.27 meV. When
the same tip is positioned above an isolated Co adatom, the
spectrum shown in figure 12(a) (dark black dots) reveals an
asymmetry as well as a change of the LDOS in the quasiparticle
spectrum at eV > Egr-+ A. However, no impurity-induced gap
states are detected.

In order to extract the LDOS of Co/Cu(111) from these
spectra, we performed a deconvolution on the basis of
aly

—(E) x

Ty / de [p(€)p'(E = )[f(E—€) — f(e)]
T —00

— pi(€)p(E =€) f'(E —€)]

using the results of the fit to the BCS-like spectrum and the
Co/Cu(111) spectrum obtained with the Nb tip (dark black dots
in figure 12(a)). The outcome, depicted in figure 12(b) (dots),
shows an asymmetric dip around Ep. A least-squares analysis
(line) with the Fano profile (equation (3)) yields a form factor
of ¢ = 0.60 and a Kondo temperature of 7x = 3245 K, which
is slightly lower than found in previous measurements [40, 35].
The overall shape of the spectrum agrees well with the one
shown in figure 6 and with the literature.

Similar results were obtained for all tunneling currents in
the range of It = 50 pA to It = 30 nA (i.e. 670 k2 <
Rr < 400 M€2). Differential conductance spectra at higher
currents corresponding to smaller tip—sample distances could
not be obtained owing to tip-induced motions of the Co
adatom [75, 81]. Within these limits, no reduction of the
superconducting gap width was detected.

In contrast to previous measurements on Mn trimers on
Ag(100) [95], the magnetic moment of a single Co adatom
hosted on a Cu(111) surface does not induce gap states in a
superconducting tip. This is most probably a consequence
of effective conduction electron screening of the magnetic
moment of the Co adatom on the host metal, as manifested
by the observed Kondo resonance. Thus, the superconducting
properties of the weakly coupled tip are not affected by the
presence of the atomic moment of the impurity on the surface.
These differential conductance spectra provide a convincing

(16)

demonstration for the importance of the convolution of tip and
sample density of states [99, 100], a fact often neglected in
STS. In the present case, the Kondo resonance on a normal
metal surface embosses the quasiparticle density of states of a
superconducting tip.

5. Impurity-induced midgap states inside a
superconducting energy gap

Interactions between the magnetic moment of a single atom
and the superconducting phase are expected. They were
detected in spectra probed with normal conducting tips taken
on top of adatoms hosted on a Nb sample, which is a
classical superconductor [94], on top of Zn impurities on
a high-7¢ superconductor [101], and in experiments on Cr
and Co atoms adsorbed on a superconducting Pb film on
Si probed by a superconducting Nb tip [102]. We note for
the latter experiment that the midgap states found in these
superconductor—insulator—superconductor junctions are not the
signature of Andreev reflections between superconductors with
different gap energies, as Andreev reflections are only observed
at much lower tunneling resistance [103].

Here we present first results of a similar experiment using
a superconducting tip. A single Co atom was attached to the
tip apex by using atomic manipulation techniques [75]. These
measurements are basically mirror experiments of the work of
Yazdani et al [94].

Figure 13(a) shows a d//dV spectrum of a superconduct-
ing Nb tip with a single Co atom on its the apex obtained by
tunneling to a clean Cu(111) surface at a base temperature of
T = 0.6 K. While in the previous measurements [94] the sub-
gap peak structure was only observable after subtraction of the
unperturbed BCS-like spectrum of the tip from the measured
data, the spectrum of figure 13(a) reveals clearly detectable
midgap states directly in the d//dV curves without further data
treatment. Furthermore, the quasiparticle gap is reduced to
A = 1.15 meV, as compared to the one measured without a
cobalt atom on its apex, where a value of A = 1.27 meV was
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Figure 13. Tunneling spectra taken at a temperature of 7 = 0.5 K in a tunneling junction consisting of a Co atom attached to the tip apex of a
superconducting Nb tip above a bare Cu(111) single-crystal surface (a). The dashed line (blue) is the calculated spectrum using a model
describing a classical spin on a superconductor [104, 105]. The intensity of the midgap states are drastically reduced when the Co/Nb tip is
placed over a second Co atom which is adsorbed on the Cu(111) surface (b). Tunneling parameters: Vi = —5mV, It = 1 nA, Vjyoa = 71 1V.

obtained (see figure 12(a)). This is a clear sign of the pair-
breaking effect of the magnetic impurity on the superconduct-
ing state.

We can assign the symmetrical appearance of the midgap
peaks at an energy of €;, ~ =£0.60 meV to two spin-
polarized states. While the singlet state of the superconductor
is only weakly influenced by a pure Coulomb scattering
potential [106] a magnetic moment w %J S, with § as
the local impurity spin and J as the exchange coupling, has
a strong pair-breaking effect and induces the observed bound
states inside the quasiparticle gap [107, 108, 104, 105].

The scattering of a Cooper pair on the impurity can be
characterized by introducing a spin-mixing angle ® which is
a phenomenological parameter describing the degree of ‘spin-
mixing’ of the quasiparticle spins of the superconducting state
induced by the magnetic adatom [109]. Within this description,
the position of the midgap states is given by

®
€12 = EAcos )

leading to a spin-mixing of ® ~ 27 for the data presented in

figure 13(a). ’

The magnetic exchange interaction w between the
impurity and the Cooper pairs of the host Nb sample and the
on-site Coulomb potential U can be extracted by analyzing the
position and amplitude of the peaks [104, 105]. We found that
wNrw = 0.56 and # NpU = 0.069 (with Ng as the density
of states at Er in the normal phase) reproduces the obtained
data sufficiently as depicted in figure 13(a) (dashed line). The
small but non-vanishing Coulomb potential is at the origin of
the particle-hole asymmetry observed in the data as different
peak amplitudes.

There exists another interesting result: using the same tip
with the attached Co atom to measure the d//dV spectrum
on top of a second single Co adatom supported on the
Cu(111) surface reveals strongly suppressed midgap states (see
figure 13(b)).

This result is surprising considering the obtained spectrum
of Co on Cu(l11) using a clean superconducting Nb tip

a7

in which the Kondo resonance was clearly detected (see
figure 12(a)). The reduced intensity of the midgap states,
as well as the stronger characteristics of the BCS gap which
almost displays its undisturbed shape, can be understood by
assuming similar spin-polarized states in the sample as well
as in the apex of the tip and an antiferromagnetic coupling
between the two Co adatoms [105]. This coupling must be
strong enough to destroy the Kondo screening on the normal
conducting surface. Temperature-dependent measurements
which have not yet been performed would reveal how this
coupling changes when the tip reaches the critical temperature
and loses its superconducting properties.

These experiments indicate an interesting path to create
magnetic systems with long spin lifetimes. The spin-relaxation
time is extended due to the decoupling from the environment
by the absence of electronic states in the superconducting
gap. Interactions can be further reduced by choosing a
superconductor without nuclear spin so that the dipole—dipole
interaction between the impurity and the nuclear moment does
not play a role in the spin relaxation [105].

6. 3d transition metal atoms on ultrathin dielectric
films

We have seen in section 1 that the local density of states of
the local environment of the Kondo impurity plays a decisive
role for the actual Kondo temperature the system acquires
and for the shape of the detected resonance around the Fermi
energy. For example, for Co—, Fe—and Mn-phthalocyanine
molecules supported on metal surfaces, the decoupling from
the supporting surface leads to Kondo peaks [46—48] instead
of Kondo dips. Such Kondo peaks have also been reported
for Co clusters supported on a carbon nanotube [110]. It
was therefore tempting to investigate more generally adatom—
substrate systems where the magnetic adatom is deliberately
decoupled from the metallic substrate by an ultrathin dielectric
film.

First STS results have been obtained for single manganese
adatoms positioned on a NiAl(110) alloy surface and on an
ultrathin Al,O3 layer on NiAl(110) [66]. On the metallic
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Figure 14. (a) Spectra of a Co atom on CuN/Cu(100) measured at a temperature of 7 = 0.5 K and an external magnetic field of B = 0 and

7 T. The zero-field spectrum reveals a Kondo peak which is fitted to a temperature-broadened Fano function (red dashed line) and IETS steps
atV &~ 6 mV duetom = £1/2 — m = £3/2 spin-flip transitions [15]. At B = 7 T, the spin-flip step positions have moved and the Kondo
peak has split. This splitting depends strongly on the direction of the magnetic field. Inset: schematic of the CuN surface, the adsorption
position of the Co adatom (on top of a Cu atom) and the field directions (colored arrows). (b) Energy eigenlevels for different magnetic fields
and directions. The arrows indicate exemplary possible spin transitions with Am = %1 or 0.

substrate no significant spectral feature around Er is observed,
pointing to strong coupling and charge transfer between the
magnetic adatom and the conduction electrons of the metallic
substrate which inhibits the Kondo effect or displaces it to an
energy range outside the experimental energy window. These
results change for impurities on the Al,Os surface close to a
metal-oxide interface step. Here a well-developed peak at Er
with a Kondo temperature between 3 and 6 K and a relatively
large Fano parameter g has been detected. Evidently, the
coupling between the magnetic adatom and the metallic host
is still strong enough to allow for Kondo scattering, but the
dielectric spacer layer inhibits sufficiently the direct tunneling
path to the metallic substrate, resulting in a Kondo peak in the
spectroscopic measurement. However, for manganese atoms
on the oxide layer at a further distance from the metal—oxide
interface step no Kondo peak was observed, presumably due to
a further reduction of the hybridization with bulk states which
lowered the Kondo temperature below the detection limit of the
experimental set-up operating at a temperature of 0.5 K. These
results clearly show the crucial dependence of the Kondo effect
on the local environment of the magnetic adatoms.

We note that, in general, a decoupling of adsorbed atomic
or molecular species from a metallic substrate by dielectric
spacer layers enables the study of the physical properties
of the adatom or adsorbed molecule. Examples are the
detection of STM-induced light emission from molecules
supported on ultrathin dielectric films on metals (Al,O3 on
NiAl(110) [111] and NaCl on Au(111) [112]) and, taking
advantage of another type of inelastic electron tunneling
spectroscopy (IETS), the study of the magnetic properties of
single magnetic adatoms [66] and of one-dimensional atomic
chains engineered with the tip of an STM [113] on a CuN layer
on Cu(100) [114].

7. The interplay between magnetic anisotropy and
Kondo effect

Magnetic adatoms are strongly influenced by the surrounding
or supporting crystal environment, giving rise to magnetocrys-
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talline anisotropy, which describes the dependence of the total
energy on the direction of the spin. The STM is able to mea-
sure this anisotropy by means of the spin-excitation spectrum
at different magnetic fields [84]. The analysis of these spin-flip
excitation spectra, where the spin excitation leads to charac-
teristic steps in the differential conductance (d//dV') spectra
indicative of the opening of a new conductance channel, led to
the discovery of the large magnetic anisotropy of the spin of
individual iron atoms embedded in the surface molecular net-
work of CuN [84].

These results paved the way for the next logical step
in the investigation of the interactions of single magnetic
adatoms with the conduction electrons of the support: the
study of systems where the many-body Kondo effect and the
magnetic anisotropy, usually described within a single-particle
approximation, are of similar strength. The system chosen was
cobalt on a decoupling layer of CuN on Cu(100) [15].

Figure 14(a) shows spectra of a cobalt atom on
CuN/Cu(100) at zero magnetic field B and at B = 7 T. The
cobalt adatom is located in a stable atop position on a copper
atom in the CuN surface plane. The external magnetic field is
applied either parallel to the nearest-neighbor hollow sites or
perpendicular to this direction along the two nearest nitrogen
neighbors of the cobalt adatom, as illustrated in the inset of
figure 14(a). The zero-field spectrum reveals a prominent
Kondo peak close to Er which has a Kondo temperature of
Tx = 2.6 £0.2 K. This is substantially lower than the value of
54 K reported for cobalt atoms in direct contact with a Cu(100)
surface [35]. In addition to the Kondo peak, prominent steps at
V = £6.2 mV are observed which are due to inelastic spin-flip
tunneling.

At an applied magnetic field of B 7 T, the
spin-flip excitation step positions shift differently and the
Kondo peak splits differently, depending on the magnetic
field direction with respect to the two indicated high-
symmetry crystallographic directions. We note that Zeeman
splitting of a Kondo resonance in an external magnetic
field has been observed before in STS for Mn on Al,O3
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on NiAl(110) [66], for Mn—phthalocyanine molecules on
Pb islands on Si(111) [48] and in previous studies of
quantum dots [27, 13], in single-atom transistors [115],
in single-molecule transistors [116], in zero-bias tunneling
anomalies (planar tunnel junctions) [117] and in single-
electron transistors [83]. In the present case, however, the rate
at which the field splits depends strongly on the direction of the
applied external magnetic field B. This directional dependence
of the Kondo peak splitting is indicative of the presence of a
strong magnetocrystalline anisotropy.

The spectra can be rationalized within a single-electron
Hamiltonian which accounts for the Zeeman energy and for an
uniaxial anisotropy energy [15]:

A = —gusBS + DS.”, (18)
with the Landé factor g and the Bohr magneton up.

The anisotropy parameter D in this equation partly breaks
the zero-field degeneracy of the eigenlevels of a spin system
with a total spin § > 1/2. A free cobalt atom with the
electronic configuration [Ar] 3d74s? has a total spin of $ = 3/2
according to Hund’s rule. Using the same spin value for the
cobalt atom on top of the CuN together with g = 2.2 and
D = 2.75 meV allows us to explain the observed spectra: The
zero-field IETS steps at 26 mV are duetom = +1/2 - m =
+3/2 spin-flip transitions whereby m denotes the eigenvalue
of the z projection S'Z of the spin vector S with the quantization
axis z along the nitrogen neighbors [15]. We note the crucial
observation that the m = =£1/2 states are degenerate. This
allows conduction electrons to spin-flip between these states,
leading to the appearance of the Kondo resonance.

When a magnetic field is applied, the energies of
the eigenstates change according to equation (18) (see
figure 14(b)) and the m 41/2 ground state is no longer
degenerate. This results in additional IETS steps due to the
m = —1/2 — m = +1/2 transition. Furthermore, the Kondo
peak splits precisely following the calculated low-energy
transition of the non-Kondo Hamiltonian of equation (18).

From the quantitative analysis of the evolution of
the Kondo peak splitting and of the higher-lying spin-flip
excitations as a function of the applied magnetic field we
conclude that Kondo screening for adatoms with a spin larger
than S 1/2 is different from the one of simple S
1/2 Kondo systems, because a spin S > 1/2 is sensitive
to the influence of the magnetocrystalline anisotropy, leading
to different energies for different spin orientations. Kondo
screening for these systems can only occur if the anisotropy
results in degenerate or almost degenerate ground state levels
(compared to the characteristic Kondo energy kg 7x) connected
by Am 1 transitions [15]. We note these experimental
results are in agreement with recent theoretical calculations of
spin systems in anisotropic environments [118, 119].

The Kondo resonance is not only characterized by
the splitting in an external magnetic field but also by a
characteristic temperature dependence. Figure 15 shows a
rapid reduction of the Kondo peak height with increasing
sample temperature for the system Co on CuN [15]. The
intrinsic temperature dependence of the resonance width I', has
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Figure 15. The Kondo peak of a Co atom on CulN/Cu(100) measured
at different sample temperatures (black lines) and fits to a
temperature-broadened Fano function (red dashed lines) Inset:
intrinsic half-width I" extracted from the fits. The red line shows the
linear behavior of I" at high temperature and has a slope of
(5.4£0.1)kg [15].

been obtained after deconvolution of the thermal broadening
described by the Fermi—Dirac distribution of the tunneling
electrons in the tip (see equation (14)) and is shown in the inset
of the figure.

As expected, the intrinsic width grows linearly with
temperature for higher temperatures whereas it saturates at a
finite value at low temperature. The coefficient of the linear
slope of 5.4kg is consistent with earlier temperature-dependent
measurements on Kondo systems where a high-temperature
broadening proportional to 4.5kg7T in quantum dots [13] and
~5kgT on individual Ti atoms on Cu(100) was found [14].
These data are in excellent agreement with the Fermi liquid
model which predicts a slope o = 5.4kg [11].

We note that this temperature dependence is a clear
and unique signature of the Kondo effect. Other processes
such as, for example, inelastic spin-flip transitions which are
also found in the Co/CuN system (figure 14) or vibrational
excitations do not broaden with the same ratio. For these
processes only one state, the final or initial state, lies in the
sample and is influenced by the Fermi—Dirac broadening of the
sample temperature leading to a temperature-dependent width
of 3.2kgT (see process no. (3) in figure 2(c)), while the initial
and final state of the Kondo scattering process are located in
the sample and thus broadened by the sample temperature (see
figure 2(b)).

8. Interactions between magnetic adatoms

If there are several magnetic impurities on a surface,
modifications of the Kondo resonance of the individual
adatoms due to magnetic interactions are expected. Depending
on their mutual lateral distance on the surface and on the
coupling strength with the supporting substrate, magnetic
dipolar coupling, direct exchange due to overlap of the
localized impurity orbitals or indirect exchange interaction via
the host conduction electrons, the Ruderman—Kittel-Kasuya—
Yosida (RKKY) interaction [120—123] may be active. For three
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dimensions, this RKKY exchange coupling j for a magnetic
impurity at the origin in a free-electron gas decays with
distance r in an oscillatory manner as j(r) o cos(2kgr)/ r,
where kg denotes the Fermi wavevector. For two dimensions,
j(r) decays with 1/r? [124]. Therefore, a second magnetic
impurity, depending on its distance from the first impurity, will
couple antiferromagnetically or ferromagnetically to the first
one via the conduction electrons of the supporting host.

The first experiment on an atomic scale to monitor
such modifications of the Kondo resonance reported on the
disappearance of the Kondo resonance for a cobalt dimer at
small interatomic distances [125]. Using STS and atomic
manipulation to study the interaction between a single pair of
Co atoms at the surface of nonmagnetic Au, the local electronic
structure of the Co adatoms was measured for different Co—Co
spacings at T = 6 K. Co dimers, created by manipulation with
the STM tip, were found to show an abrupt disappearance of
the Kondo resonance for Co separations of less than 0.6 nm.
This behavior was explained as the result of reduced exchange
coupling between Au conduction electrons and ferromagnetic
Co dimers [125].

In a subsequent experiment the Kondo response of a single
antiferromagnetic trimer was investigated [126]. The authors
used atomic manipulation and STS to probe the local behavior
of a triangular chromium trimer on Au(111). The chromium
trimers could be reversibly switched between two distinct
electronic states, one where a Kondo resonance was present,
and a second one where the Kondo resonance was absent. This
phenomenon was explained as the Kondo response of a spin-
switching, magnetically frustrated nanocluster, consistent with
noncollinear magnetic states predicted for chromium trimers
whose structures differ by the position of a single atom.

Motivated by these results, the evolution of the Kondo
lineshape obtained by STS has been studied again by varying
the interatomic distance between cobalt adatoms in dimer
and trimer configurations on a Cu(100) single-crystal surface.
The results have been analyzed within many-body theory
in order to determine the magnetic coupling as a function
of the interatomic spacing [127]. As lateral manipulation
of atoms on (100) metal surfaces is hindered by a high-
energy barrier between neighboring surface sites, dimers with
well-defined interatomic distances have been created with
a different approach. First, cobalt carbonyl complexes are
formed [44], in which the CO ligands inhibit nucleation and
island formation and facilitate the growth of one-dimensional
structures. Subsequently, the CO ligands have been removed
by tip-induced dissociation of the molecules. Different cobalt
dimer configurations have been prepared with interatomic
distances between the neighboring cobalt atoms ranging from
0.256 to 0.81 nm. For cobalt dimers with interatomic
cobalt distances smaller than 0.5 nm these experiments
confirmed the observations of the disappearance of the Kondo
resonance [125]. However, for an interatomic cobalt distance
of 0.512 nm the authors observed a clear broadening of
the Kondo resonance as compared to the one found for a
single cobalt atom. They interpreted this broadening as the
manifestation of sufficiently strong antiferromagnetic coupling
leading to a splitting of the Kondo resonance (not resolved in
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the experimental spectrum) and to the formation of a singlet
state between the two cobalt impurities. Using many-body
theory, the authors were able to follow the oscillatory transition
(RKKY) from ferromagnetic through antiferromagnetic back
to ferromagnetic coupling. Adding a third atom to the
antiferromagnetically coupled dimer resulted in the formation
of a collective correlated state [127].

In a recent theoretical study, the magnetic properties of
subnanometer structures have been tuned by adjusting the
geometry of the system [128]. The authors demonstrate
that the magnetic moment of a single adatom coupled
to a buried magnetic cobalt layer can be stabilized in
either a ferromagnetic or an antiferromagnetic configuration,
depending on the copper spacer thickness owing to quantum
confinement. It is found that a buried cobalt layer has
a profound effect on the exchange interaction between
two magnetic impurities on the surface. Moreover the
authors calculate that the exchange interaction between
magnetic adatoms on a surface can be manipulated by
introducing nonmagnetic Cu chains to link them [128].
Here it is interesting to note that the system of Co
adatoms on Cu multilayers on a buried Co layer has been
studied experimentally at the same time [49]. In contrast
to the theoretical prediction of stable ferromagnetic or
antiferromagnetic Co adatoms, the authors of the experiment
found quantum-well state-induced modulations of the Kondo
resonance, i.e. dynamic spin-flip processes and not a stable
magnetic moment.

In order to investigate the consequences of direct coupling
between a ferromagnetic Co surface and single magnetic Fe
and Co adatoms, STS with a spin-polarized Cr tip has been
used and the results have been compared to first-principles
calculations. These magnetic adatoms have been found to
exhibit stationary out-of-plane spin polarization, but have
opposite sign of the exchange coupling between electron states
of the adatom and the Co island surface state: Fe adatoms
exhibit parallel spin polarization to the Co surface state while
Cr adatoms exhibit antiparallel spin polarization [129].

In a related experiment, using STS with a spin-polarized
tip, the oscillating indirect exchange interactions between
individual Co adatoms at different lateral distances to a
Co nanowire on a nonmagnetic Pt(111) substrate have been
observed for the first time [130]. The decay of the RKKY
function with distance from the Co nanowire was found to
be close to j(r) o cos(2kpr)/r, which is expected if the
interaction is dominated by 2D states and the superposition
of the contributions from all Co atoms along the stripe edge
(nanowire) attenuates the decay. In this way the variations of
the magnetic properties of identical Co adatoms were found to
be due to different local environments.

Furthermore, experiments have been carried out in which
Kondo systems in quantum dots [131] or electromigration
junctions [132] have shown remarkable changes in their
properties through spin—spin coupling with either a second
quantum dot or magnetic impurities in the connecting leads.

Very recently, similar experiments have been performed
by coupling individual magnetic atoms with a Kondo
impurity [133]. In these experiments the atoms are decoupled
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from the supporting metal substrate by an ultrathin dielectric
film of CuN. The spin coupling between the atoms is provided
mainly by the nitrogen atoms of the CuN network, enabling us
to adjust the coupling strength by choosing proper adsorption
sites either along the nitrogen rows or perpendicular to them
(see also the inset of figure 14(a)). While it was found that
chains of nearest-neighboring Mn atoms along the nitrogen
direction are antiferromagnetically coupled via Heisenberg
interactions and act for rows up to 10 Mn atoms like a single
quantum object in which the spectroscopic signature shows
only slight variations along the chain [113], the atoms in the
new experiments show a different behavior. Different pairs
of Co, Fe and Mn atoms were positioned at a distance of
0.72 nm perpendicular to the nitrogen rows so that they are
relatively weakly coupled. The atoms of these pairs show
the characteristic spin-flip IET steps and Kondo features of
the individual atoms [84, 15] but slightly distorted by the
neighboring magnetic atom. For example, the Kondo peak of
a Co atom is already split in a Co—Fe pair at zero magnetic
field and can be restored by applying an appropriate magnetic
field [133]. The author was able to describe the system of
coupled atoms quantitatively within a Hamiltonian accounting
for the individual Zeeman energy, the anisotropy energy and a
spin—spin exchange term.

9. Outlook

Both experiment and theory of Kondo systems have made
considerable progress during the last few years. Low-
temperature STS at 0.5 K in ultra-high vacuum with atomic-
scale spatial and down to 10 peV energy resolution, together
with its lateral and vertical atom manipulation capabilities,
opened new insights into the interplay between Kondo physics,
magnetic anisotropy, localized spin-flip excitations and the
magnetic exchange interaction. With these experimental
and theoretical tools the study of collective Kondo states,
e.g. Kondo lattices or heavy-fermion systems, will become
accessible. The interaction of magnetic atoms with
superconducting materials will be one of the next challenging
steps at even lower temperatures down to the mK region.
The Cooper pairs of the superconductor are scattered at
impurity sites, resulting in spin-selective states inside the
superconducting gap even without an external magnetic field.
Thus, a superconducting tip with a magnetic atom on its apex
allows us to measure spin-selective tunneling currents with
minimal stray fields. The interaction of magnetic atoms which
have their spin excitations energies inside the superconducting
gap are candidates for systems with long spin lifetime. Such
investigations may lead to interesting applications in spintronic
and quantum computing.
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