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Abstract

This thesis reports measurements at the single atom scalsify low-temperature scan-
ning tunneling microscopy (STM) and spectroscopy (STSfebdnt sample systems where
analyzed with normal conducting and superconducting tips.

Chapte® presents the theoretical aspects which have takbe into account for a
detailed analysis and a consistent interpretation of the ®&asurements.

In chapteB the creation of a hexagonally ordered supiedaif single Ce adatoms on
Ag(111) is reported and understood within a scattering rhofdine surface state electrons
with the adatoms. Furthermore, the change in the local tjensistates of the surface
state in ordered and slightly disordered superlatticese@sured and theoretically explained
within a tight-binding model which allows to understand tireation and stability of the
superlattice by an energy gain of the participating suritete electrons.

Because Ce atoms have a non-vanishing magnetic moment ist@gpected to interact
with the continuous states of the supporting surface lgattira Kondo resonance, chap-
ter[4 presents measurements on single Ce adatoms on diffeggesurfaces. This chapter
shows the difficulties to interpret the obtained data. Fetance, bistable Ce adatoms are
detected on Ag(100) which show drastical changes in thgiasgmt height and spectral sig-
nature depending on the tunneling conditions. The posphyfsical processes behind these
phenomena are discussed.

While the results presented in the first chapters were adadaivith a normal conduct-
ing tip, chaptef intensively discusses the opportungiggerconducting tips offer in low-
temperature STS measurements. Novel insight in and thbraooderstanding of Andreev
reflection processes are obtained by using the unique plagsiih having different super-
conducting gaps in the tip and the sample. Detailed analyséise supercurrent at low
tunneling resistances reveal tunneling currents whicmatelescribed within the standard
resistivity shunted junction model, and are presumablytdigelf-induced tunneling or due
to an additional quasiparticle tunneling channel whichyalist in asymmetric junctions.
Furthermore, the influence of single magnetic Co atoms wnb&t the superconducting
tunnel junction on the obtained spectrum is discussed.

Keywords Scanning tunneling microscopy (STM), scanning tunnelipgctroscopy (STS),
superlattice, surface state, Kondo effect, supercondtyctiAndreev reflections, supercur-
rent
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Résume

Cette thése rapporte des mesures faites a I'échelle dekagm utilisant la microscopie et la
spectroscopie a balayage par effet tunnel (STM et STS)iRifits systémes d’échantillons
ont été analysés avec des pointes conductrices normalprateanductrices.

Le chapitre 2 présente les aspects théoriques donc noussdierar compte afin d’avoir
une analyse détaillée et une interprétation consistersgenésures de la STS.

Dans le chapitre 3 la création d’'un superréseau de configniaéxagonale d’adatomes
de Ce sur une surface d’Ag(111) est rapportée et comprise gran modéle de dispersion
des électrons de la surface avec les adatomes de Ce. De phiavans mesuré le change-
ment de la fonction de densité des états locale de I'état dmirface pour des réseaux
ordonnés et désordonnés et tenté de I'expliquer théorigoei I'aide d’'un modéle de
‘tight-binding’ permettant de comprendre la création esthbilité du super-réseau grace a
un gain d’énergie des électrons de surface participant@epsus.

Parce que les atomes de Ce ont un moment magnétique nogaesgé censé interagir
avec le continuum d’états de la surface de support et paéqoest induire une résonance
de Kondo, le chapitre 4 expose des mesures faites sur dessatenCe isolés sur différentes
surfaces d’Ag. Ce chapitre expose les difficultés a expliteeedonnées obtenues. Par ex-
emple, des adatomes de Ce bistables détectés sur de I'Agéil@6montrent des change-
ments drastiques dans leur hauteur apparente et leur wigrstectroscopique dépendam-
ment des conditions de tunneling. Nous discutons les psasgshysiques possibles derriére
ce phénoméne.

Alors que les résultats présentés dans les premiers adm@iomt obtenus avec une
pointe conductrice normale, le chapitre 5 discute danstkildfes opportunités qu’offrent
les pointes supraconductrices pour des mesures STS a bags&rature. Une compréhen-
sion nouvelle et approfondie des processus de réflexiondidav ont été obtenus en uti-
lisant la possibilité unique d’avoir différents gaps suworaducteurs dans la pointe ainsi que
dans I'échantillon. Des analyses détaillées du couranasopducteur avec de basses ré-
sistances d’effet tunnel révelent des courants d'effeneliqui ne sont pas décrits par le
modéle standard de jonction shuntée avec une résistascnti vraisemblablement dus a
un effet tunnel self-induit ou a un canal de tunneling de gpastcules supplémentaire qui
n'existe que dans des jonctions asymétriques. Nous diss@tassi de I'influence d’atomes
de Co magnétique isolés placés entre les jonctions d'effetel supraconducteurs sur le
spectre obtenu.

Mots clés Microscopie a effet tunnel (STM), spectroscopie a effeinel (STS), super-
réseau, état de surface, effet Kondo, supraconductiétiexion d’Andreev, courant supra-
conducteur
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Zusammenfassung

In dieser Arbeit werden Messungen vorgestellt, die mitddder Tieftemperatur-Raster-
tunnelmikroskopie (STM) und -spektroskopie (STS) auf atmen Ebene gewonnen wur-
den. Dabei sind verschiedene Probensysteme mit nornealtkih und supraleitenden Tun-
nelspitzen untersucht worden.

Die theoretischen Uberlegungen, die fiir eine detailli@malyse und konsistente Aus-
wertung der spektroskopischen Daten unabdingbar sindlemen Kapitel 2 prasentiert.

Kapital 3 berichtet (iber die Entstehung von hexagonal geesh Ubergittern aus ein-
zelnen Ce Adatomen auf der Ag(111) Oberflache, welche mittet Streuung von Ober-
flachenelektronen an den Ce Adatomen erklart werden kanite\he wird die Anderung
der lokalen Zustandsdichte des Oberflachenzustandes mrggen und leicht ungeord-
neten Ubergittern gemessen und innerhalb eines ,tightitfidViodells theoretisch be-
schrieben. In diesem Model kann die Entstehung und Stitbilés Ubergitters als Folge
des Energiezuwachses der beteiligten Oberflachenelektragrstanden werden.

Da die Ce Atome ein nichtverschwindendes magnetisches Mobesitzen, werden
Kondo-Resonanzen erwartet, die durch Wechselwirkung emitlebntinuierlichen Zustén-
den der unterliegenden Oberflache entstehen. Kapitel 4iiée daher spektroskopische
Messungen an einzelnen Ce Adatomen auf unterschiedliche@lferflachen. Dabei wer-
den die Schwierigkeiten bei der Interpretation dieser Dagfgezeigt. So werden zum
Beispiel bistabile Ce Atome auf Ag(100) detektiert, derpeldrale Eigenschaften und
scheinbare Hohe drastisch von den Tunnelparametern adféang

Wahrend alle Ergebnisse aus den Kapiteln 3 und 4 mittels atgitender Spitzen
gewonnen wurden, werden in Kapitel 5 die Mdglichkeiten riste diskutiert, die sich
mit supraleitenden Spitzen in Tieftemperatur-STS Messorgroffnen. Die einzigartige
Madglichkeit, unterschiedliche Bandliicken in Spitze undli®r zu praparieren, erméglicht
ein neuartiges und umfassenderes Verstandnis von An@eftgktionen. Die detaillierte
Analyse der Superstrome bei niedrigen Tunnelwiderstaedémillt, dal3 die Tunnelstrome
nicht innerhalb des Standardmodells von einem Tunnel@ngragit Parallelwiderstand (re-
sistivity shunted junction model) beschrieben werden kinwir vermuten, dal3 entweder
selbstinduziertes Tunneln von Elektronenpaaren odettzicdie Tunnelkanale fir Quasi-
teilchen, welche nur in asymmetrischen Ubergangen eséstjelie Ursache sind. Des Wei-
teren wird der Einfluss von einzelnen magnetischen Co Atdmdam supraleitenden Tun-
nelubergang auf das Spektrum diskutiert.
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Chapter 1

Introduction

At the beginning of the20™ century, the origin of the electrical transport mechanism i
metals was only partly understood. At that time, one of thénngaestions was the low
temperature behavior of the electrical resistivity of pumretals and metals containing some
impurities. While it was known that the specific electricasistivity depends linearly on
the temperature as long as the measurements were perfotosedtc ambient tempera-
tures, the low temperature range could not yet be measuidedrto the open question
if the resistivity reaches a finite value, approaches asgtigaily zero resistance, or even
increases at temperatures close to the absolute zero.

The idea of having no resistance in metals at zero temperatas based on a model
of elementary vibrations in a solid published Bybert Einstein[d]. In this model, the
vibrational energy of the atoms depends exponentially entémperature and should be
zero atl’ = 0. Thus, it was believed that the electron transport shouldmger be hindered
by movements of the atoms in the metal.

It wasH. K. Onneswho first reached a new temperature regime by successfglig-i
fying helium, a noble gas with a boiling temperature of oty K. Cooling down mercury
to such low temperatures, he found a completely unexpeakdvor of the conductivity;
the mercury sample lost suddenly all its resistivity belotemperature oft.2 K [2] (fig-
ure[I (a)). Since then, this effect is called supercondtictand was found in several
metallic elements, alloys and since 1986 additionally iragec cuprates [4].

Ferromagnetic metals, such as iron or cobalt, do not showrsapductivity. But if
they are diluted as impurities in non-magnetic metals, tleggarkably change the low-
temperature resistance of the hosting metal. For instaniosy concentration of Fe diluted
in Cu reveals a temperature dependence of the resistivitghwihcreases instead of de-
creases below a certain temperature (figurk 1.1 (b)).

The origin of both effects remained unsolved for a long-tineeause they are the re-
sult of complex collective phenomena between the manyrelestof the atoms in a solid.
Nowadays, we have understood these phenomena due to tleepianwork of]. Bardeen
L. N. CooperandJ. R. Schrieffewwho explained the superconducting state as a long-range
attractive interaction between the conducting electramsgtel’5.112)[15], and. Kondo
who showed that the increase in resistivity, as seen in flit€b), can be explained with
spin-flip processes between the localized magnetic monfehedmpurities and the elec-
trons of the host (chapter4.1.1) [6]. Today, this effectalbez] the Kondo-effect.

In this thesis we discuss these phenomena and their irit@racin the single atom scale
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Figure 1.1. (a): The resistivity of mercury (Hg) measuredretty low temperatures by
H. K. Onnes shows a sudden drop at the critical temperatute4.2 K [2]. (b): Samples
containing magnetic impurities (Fe) diluted in a non-mdgneetal (Cu) show an increase
in resistivity below a concentration-dependent tempeea|ti].

with the help of a powerful tool, the scanning tunneling rogmope (STM). The STM,
which soon celebrates its 25 anniversary, has the uniquebddyp to image surfaces and to
characterize the electronic properties with atomic ragmiuchaptefR).

We show that single cerium (Ce) adatoms can interact with etieer indirectly by scat-
tering processes of electrons at the adatoms. The eledrigiisate from a two-dimensional
electron gas which exists on the Ag(111) surface and maakethe long-rage interaction
which leads to the creation of hexagonal ordered structfradatoms on the surface at low
temperatures (chaptér 3).

The Kondo effect and the difficulties of its clear detectionsingle Ce adatom is the
subject of chaptdil4. Measurements using supercondudtiagite shown in chaptél 5. In
this last chapter, not only new aspects of the current tam$ggtween two superconductors
are observed and discussed (chapifr 5.4amd 5.6), but fitdtsrare additionally presented
which show the interplay between a single magnetic adatairtlas superconductivity of
sample and tip. (chapter’.5).

Not all results presented in this thesis are in their conifylaxell understood. They
remain open with the strong belief to be answered in furtkpeemental investigations.



Chapter 2

Scanning tunneling microscopy and
spectroscopy

When in 1981G. Binnig H. Rohrer Ch. Gerber andE. Weibelpresented for the first time

their idea of a scanning tunneling microscope (STM) [7]ytbpened a door to a new and
powerful tool for the analysis of surfaces. Shortly afteeyt demonstrated the capability of
the STM to image metal surfaces with atomic resolutidn [&] ahowed that this new tool

is able to answer complex physical questions. In particlay could resolve the famous
7 x 7 reconstruction of the Si(111) surface in real space [9].

Following these revolutionizing results, a rapid develemtnstarted that led to a multi-
tude of investigations using the STM. Furthemore, seveldated methods have since been
developed, such as for example the atomic force microscApdl) [10], the scanning-
nearfield optical microscope (SNOM)_J11], the magnetic éorsicroscope (MFM)[[12],
and the ballistic-electron-emission microscope (BEENS][1

All of these technigues have in common that they ugeheto observe locally physical
properties down to atomic lateral resolution. The datagsahy obtained bgcanninga grid
of points on the surface and combining the detected phygioglerties into an image using
the data to code each point of the image. Because of this isgamechanism, all these
techniques are summarized as scanning probe microscopkf (S

The purpose of this chapter is to give a short introductiothéoSTM, focusing mainly
on its spectroscopic capabilities.

2.1 Principles

The STM uses the tunneling effect to obtain a current betveesimarp tip and the sample
by applying a voltage between both of them. Although cladlsidorbidden, but already

considered since the early days of quantum mechahni¢s [tMphserved in the beginning
of the 1960’s in planar junction§ [1L5,116], a current can biected before tip and sample
come into contact. This tunneling current is held constgnpriocessing it in an electrical
feedback loop that compares it to a preset current and thégsvihie distance between tip
and sample accordingly, i. e. moving the tip towards or awamfthe sample. When the tip
is scanned over the surface, the tip height is determinekdiptal geometric and electronic
structure of the surface and thus produces a surface maglispace (see figuie2.1 (a)).
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(b) o

Figure 2.1: (a): Schematic representation of the tunnadtjon. An atomically sharp tip
scans over a surface. Only the last atom of the tip significaantributes to the tunneling
process. (b): Schematic view of the tunneling process lestvaa ideal tip with flap; and

a sample with a LDOS gf;(E). When a positive voltag®7 is applied to the sample with
respect to the tip, electrons from occupied tip states fifigimd side) are able to tunnel into
unoccupied sample states (left-hand side). Thereforerthest overcome an approximately
trapezoidal tunnel barrier formed by the two work functiafsip and sample andV7.

Quantum mechanically, the system can be rationalized W@help of a one-dimensional
simplification, where the sample as well as the tip are desdrby an ideal metal in which
the electron states are filled up to the Fermi endigy The two electrodes are separated
by a small vacuum gap,. An applied voltagel’r shifts the two Fermi energies
relatively to each other. We will use the convention that aipe@ tunneling voltagé/
increases the energy in the tip. The distancthe two work functionsb, and®, from tip
and sample, anelV represent a trapezoidal tunnel barrier for the electrogar@Z.1 (b)).
From elementary quantum mechanics (see for exarhple [1¥Blextron in the tip{ = 0)
at Fermi energy, represented by its wavefunctiofr), has a finite probability of being
localized in the sample at the positien

[P = WO, k= /55 (B + B, — V). (2.1)

Using the free electron mass fior, and realistic values for the work functiofbs~ 4—5 eV
[18], 2~ becomes of the order &f) nm~!, i.e. a variation inz of 0.1 nm results in an
order of magnitude difference in the tunneling probabilitiis sensitivity in the tip-sample
distance is the reason for the extremely high vertical tggmi of the STM which can reach
the sub-picometer regime.

Introducing the concept of tHecal density of stated.DOS), i. e. the density of states
per energy interval at a specific position:

Z [0 (F)[*S(Ey — E), (2.2)
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one can express the tunneling current from tip to samplé 9},&1

o0
4re

Tms = 55 [ pule = Vidpu(@ e = Vi) (1 = £0)) [M (e = eVi,)

—00

2
de.  (2.3)

In this formula f(¢) denotes the temperature dependent Fermi-Dirac disoibutic) =

(1 + exp [¢/kpT]) " for the electrons, and/ (e, €,) the tunneling matrix element, i. e the
coupling between the electron wavefunctions at the energy the tip with the sample
wavefunctions at;. In the one-dimensional simplification as in equafion 2M1|? is given

by:

Mme

hZ

As it can be seen, the current depends linearly on the LDO$ ahd sample, whereby
the Fermi-Dirac distributions ensure that only occupiedest in the tip( fi(¢ — eVr)) and
unoccupied states in the sample- f;(¢)) are counted for the tunneling from tip to sample.
Of course, for the whole tunneling curreft, one has to take into account the current in
both directions from tip to sample as well as from sampleo After trivial summation,
the result is:

2
M(e — eVrp, e)‘ = exp {—22\/ (P + @5 — eV + 2¢) | . (2.4)

o0

Ir = [ pule— eVa)pa(e) (fule — Vi) = f() | M(e — eV, 0| de. (25)

—00

Notice that due to equatidn2.4 the highest contributiomédurrent comes from electronic
states close to the Fermi energies of the tip ¢ 0) or the sample(r < 0) (see schematic
representation in figuie2.1).

Although equatioi. 215 is easy to understand, the main pmolidehe determination of
the tunneling matrix elemen¥ in a more realistic approximation than in the simple one
dimensional model. The matrix element depends on the genpelsition in space of the
atoms in the sample and in the tip as well as the wave func#btige given energies. Since
the main task for the STM is to produce an image of the sampfacj one is looking
for a configuration where the tip DOS can be neglected. Buigrtunately, in most cases
the actual geometric and chemical structure of the tip isnank (despite some efforts to
determine the structure of the tip by field-ion microscopfobe using them in STM20])
leading to an unknown tip DOS.

Shortly after the invention of the STM, TersoffandD. R. Hamanrpresented a cal-
culation using first-order perturbation theofvl[21] whicéivg an analytical result for the
matrix element([22, 23] in a heavily simplified tunneling ®ra as a representation for the
STM. In particular, they solved the problem for an atomicatharp tip, where only the last
atom, i. e. the atom that is closest to the sample surfacérlootes to the tunneling process.
The wavefunction of this atom (the interacting one) is tfame described by a spherical,
s-like orbital. The density of states over the energy irdkof interest is assumed to be con-
stant. Taking only elastic tunneling processes into ad;oum energy conservation during
tunneling (for inelastic processes see chdpier.3.3jutiveeling matrix element is written

'Here and in the following the energies are referred relatiie Fermi-energy of sample and tip.
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in low voltage approximation as:

2 Ch2

KM

M, = — -WS(F), with: C = constant (2.6)

k = asinequZll.

This Tersoff-Hamann tunneling matrix element only depeodghe position of the out-
ermost atom of the tip af, and not on the wavefunction of the tip. Using equafiod 2.5,
setting the temperatufE — 0, and restricting ourself to voltagél| < ®/e we resolve
the widely used expression for the tunneling current in STM:

e VT

16m3C%h3e
It = Wﬂt / ps(€)de. (2.7)
0

2.2 Imaging in constant-current mode

As shown in the last section, the tunneling current depergsrentially on the tip-sample
distance. Thus, scanning the tip laterally over the samgdelts in a modulation of the
current, corresponding to the surface corrugation. But witip-sample distance of usually
< 1 nm even small mechanical instabilities in the STM or stepthersurface would result
in a crash of the tip into the surface. Thereby, imaging irsthvealled constant-height mode
is only applicable on flat surfaces and for small scan areasv@&rcome these limitations
in most STM experiments the constant-current mode is usethtin the structure of the
surface.

In this imaging mode the tunneling current is held constgnthanging the tip-sample
distancez. In that way, the recorded changes in the&alue give a direct image of the
surface. The image depends, therefore, on the appliedlingn®ltageVr and the preset
tunneling currenf;. The tip scans a constant-value surface determindg bthe LDOS of
the sample integrated over the energy windew < F < Fr + eVp according to equation
[Z4 and figur€Z]1 (b). Both the bias voltage and the preset tunneling currefzt are inde-
pendent parameters in the experiment. Depending on thetga& V-, occupied ¥ < 0)
or unoccupied statedf > 0) in the sample are recorded [24], while for constantl/-
determines the tip height. On metallic samples, with thppraximately constant density
of states around’r, the obtained images correspond to the geometric surfapogtaphy
[25], but the correct analysis of the STM image is not alwayseasy task even on well
known clean metallic surfaces, because the LDOS might leeteffl by, for example, sur-
face state modulations [26]. Additionally the Tersoff-Ham approximations might fail as
illustrated in figurd—ZJ2. Here the tip has changed duringett@eriment in such a way that
not only the last atom contributes to the tunneling curréherefore, in the right panel the
STM resolves the geometric structure of the tip observedhbyatatoms of the sample, i. e.
the convolution of the tip geometry with the surface streetu

To conclude, even if the beauty of STM topographic imagesii¢he direct observation
of the atomic structure of the sample, one has to be awareahbatnderlying physical
description is rather complex and even after 25 years nasadae in all of its details.
Thus, we are compelled to use strong simplifications to ek{physical meanings out of
our experiments.
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Figure 2.2: Topographic image8.{ x 7.8 nm?) measured at a temperature of 5 K with
Vr = =37 mV and Iy = 400 pA showing the influence of the tip on the observations. Left
side: 5 Co atoms on a clean Ag(100) surface. Right side: Sivectp has changed between
the two measurements, the same atoms appear now with a shalpe ® a 3-fold flower
due to a convolution between the geometric structure ofrtipbsample.

2.3 Spectroscopy

One of the most fascinating potentials of the STM is its cdipalo obtain spectroscopic
data with its atomic resolution. As we will see in this seatithe STM allows us to measure
directly the LDOS and, additionally, inelastic processéere the tunneling electrons excite
states in the sample during the tunneling process by logsanty their kinetic energy.

Since the main results presented in this thesis are obtaittbdthe help of spectro-
scopic measurements, the description of this techniqudhenphysical interpretation will
be discussed in detalil.

Taking the tunneling current as expressed in equdfidn 2.5vith the restriction that
the tunneling matrix element stays constant (i. e. the enevg is small compared to the
work functions® in tip and sample, so that the tunneling mattikin equatioZ¥ changes
only negligiblyﬂ we get:

e}

Ir / pu(€)pile — Vi) (file — eVi) — fo(e)) de. (2.8)

—00

We calculate the first derivative of the tunneling curréntwith respect to the applied bias

2In addition, any changes in the attributes of the electrartipiand sample, such as spin and orbital state,
are neglected.
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voltageV:

o1
oV

o | el = ptelpite - evirsite — evi) (2.9)
—pprle — V) file — Vi)

0, ()Pl (e — Vi) fule — Vi) (6)]

The p; means the first derivative of the LDOS in the tip with respedhe energy:

pi(e) = a’f;f), (2.10)

while

_O0f(e) —exp (¢/kpT) -1

#(e) = B =TT (Lt o /kal) ~ 2haT secH(e/kpT) (2.11)

is the first derivative of the Fermi-Dirac distribution fuiznf

While equatioi 29 is quite complicated, it can be simplifisduming a constant LDOS
ofthe tip, i. e.p}, = 0, and a temperature of the junction of zero, so &) .70 = —d(€)
becomes the delta distribution. With these assumptioedijrét and third sum iR219 vanish
and the derivative of the tunneling current becomes:

o1
oV

X Pt / ps(€)0(e — eVp)de = pips(eVr). (2.12)
Ve

Thus, the derivativé) [ /0V provides a value that is proportional to the LDOS in the
sample at the energyh/;. Technically, the tip is placed over the point of interesttoa
sample surface with choséf and which determine the tip-sample distancelhen the
tunneling voltage is ramped while the feedback loop is ogene. z stays constant, and
the current is recorded. With this-(1) data the LDOS can be calculated numerically.

Unfortunately, the tunneling current is often too noisy tmain reasonable data with
this numerical method. In most tunneling spectroscopy exmats adlr/dV signal is
detected with the help of a Lock-In technique.

2.3.1 Using the Lock-In technique

To obtain spectroscopic data with high signal to noise ratie tunneling voltagé’; is
modulated with a small sinusoidal voltadg, sin(w,,t). The modulation frequency,, =
wm /2w is thereby set to much higher values as the regulation spet deedback loop
that holds the tunneling current constant in closed-looglendhus it is guaranteed that
the modulation does not influence the recording of constarent images. Now when a
spectrum is taken — meaning that the tip is stabilized ovevit pf interest, the feedback

3 Notice that, due to the symmetry of equatlon] 2.8, the indfoesip and sample are interchangeable in
equatioZPB when invertingr.
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Figure 2.3: (a): A small modulation of the tunneling voltagsults in an alternating current
(AC) modulation ofl. The amplitude of this modulation depends therefore onltpeof
the(V') curve. Thus it is proportional to the first derivativé/dV of the tunneling current.
(b): Schematic representation of a phase and frequencitigeriock-In amplifier.

loop is opened, and the tunneling voltalge is ramped — we get a tunneling current using
the Tersoff-Hamann approximation (equatiod 2.7) of:

/eVT +eVm sin(wmt)

I o ps(€)de. (2.13)

0
Expanding the current in a Taylor series:

2

eVr 2
I / ps(€)de + ps(eVr) eV, sin(wpt) + pl(eVr) 2m sin?(wpt)..., (2.14)
0

SN—— SN——
oI (V) oI (V) oI (Vr)

we see that in a first approximation the amplitude of the ectimreodulation with a frequency
fm = wn /27 at the tunneling voltag&’y is proportional to the first derivative of thg1")
curve atV; and therefore proportional to the LDOS in the sample (seed[@iB (a)).

Usually, the tunneling current is disturbed by a wide-bandent noise originating
from mechanical vibrations in the tunnel junction and thalrmoise generated in the first
amplifier, the current-voltage converter. Thud,ack-In amplifier is used to measure the
modulation ofl;. Schematically represented in figlirel2.3 (b), it containthasessential
part a multiplier. The amplified current signal is multiglievith a reference signal taken
directly from the modulation generator and phase shifted>byTaking into account the
noise, the output of the multiplier results in:

sin(wpt + @) X | ps(e)eVy, sin(wmt + ¢o) +/ ay, sin(wt + @) dw (2.15)
0

reference signal

noise

1
= §ps(e)eVm cos(p — o) + cosLwmt + @+ @o)| + ...,
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with a,, andp,, as the the amplitude and phase of the noise at the frequercy /27. As

it can be seen, only the contribution of the input signal tiet exactly the same frequency
as the reference is mixed down to a direct-current signadigipg only on the phase angle
© — .. All overlying noises with broad frequencies and uncotezlgphases with respect
to the reference are filtered out by the frequency low-pakss;Tthe output of the Lock-In
is directly linear to the modulation amplitude and the LDA$he surface.

To summarize, the main goal of the modulation techniquethegevith the detection by
a Lock-In amplifier is to measure electronically the firstidstive d1/dV of the tunneling
current and to transpose the signal of interest from zeguércy to the frequency of the
modulationf,,. With this method thé / f (Schottky noise is obviously strongly suppressed,
while it is the main source of noise in numerically calcutbdd /dV curves.

Unfortunately, this method has also its drawbacks. In repeements, the wires that
connect the sample and the tip with the electrical setup laadip-sample geometry form
a capacitance’, which lets a parasitical AC curre}, = C,%~ flow across the junc-
tion independently of the tunneling process. Due to the @ggze, this current is phase
shifted by 90 with respect to the modulation of the tunneling current aver junction
which behaves like an ohmic resist&; = Vi /Ip. Even though this current should not
affect the output signal of the Lock-In because of the phassitvity of equation 215, in
measurements where the tunnel junction resistifity is high compared to the apparent
resistanceX¢ = (w,,C)~! of the capacitance the amplitude of the crosstalk signal can
overcome the signal of interest by several orders of madaitAssuming, for example, a
setpoint current of 20 pA at a tunneling voltage of 100 mV rignimg in a junction resis-
tance of Ry = Vp/Ip = 5 G2, and a modulation amplitude &f,, = 10 mV at 2 kHz,

a crosstalk capacity of 2 pF, i. &~ = 40 M, would lead to a parasitical AC current of
Vin/Xc = 25 pA, while the signal of interest is only of the orderdf,/ Ry = 2 pA.

Obtaining accurate spectroscopic data under such conglidepends crucially on the
correct phase adjustment between reference input and signa, because even a small
misalignment would result in a strong background in the ougignal of the Lock-In. Ad-
ditionally, the crosstalk signal reduces the usable dynaamge of the Lock-In so that a
compensation circuit, which annihilates the capacity stiak signal before it is amplified
and detected by the Lock-In is recommended. For that, ablarie80 phase-shifted signal
of the modulation voltage is applied via a small capacitati¢s,, 2 C, and added to the
tunneling current as seen in figrel2.4. With the variable gak 0 the compensation cur-
rentloomy = aCcomp% is adjusted to annihilate the crosstalk current, &&.o,,, = 1.
Thus, all crosstalk induced disturbances are removeddéfertunneling current enters the
current-voltage converter and before it is processed ih toi-In.

Furthermore, the use of the Lock-In and the modulation tieglnhas an additional
disadvantage. Due to the modulation of the tunneling veltdage energy resolution is
limited. The component,, i.e. the first Fourier coefficient of the current functién=
I(Vp 4+ V,, sin(wp,t)) developed in terms af,,:

1, = % /I(VT + Vi sin(7)) cos(7)dr, (2.16)

averaged over time is the output of the Lock-In. Partialtg@mating/,, leads to thénstru-
mental resolution functiod,, = 2R+/V,2 — €2/V,2 of the Lock-In [27]. In other words,
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Figure 2.4: Crosstalk compensation during spectroscogiasarements. Due to the un-
avoidable coupling between the modulated tunneling veltagd the currenf by the
parasitic capacity’,, a compensation by a 18phase shifted signal ovér.,,,, is helpful

to detect small current signals.

our detectedi//dV signal is a convolution of the LDOgSg in the sample and the instru-
mental resolution function:

Vi
j—é(vT) < (ps % Fy) (Vi) = % / pele(Ve+ VI —Sde.  (2.17)
7Vm

To give an idea of this broadening, we assume a perfectly flaith the exception of one
infinitely sharpo-like peak at a certain energy. As it can be seen in figule 2 &-tike peak
is broadened to a half-sphere with a widtheei/,,, .

To summarize, as long as the modulation volt&geis significantly smaller than the
characteristic spectral feature, the broadening can bleeted. Otherwise one has to per-
form a deconvolution of the modulation and the LDOS to obtaancorrect physical prop-
erties |28].

2.3.2 Influence of the finite temperature

Up to nhow we have assumed a junction temperature of zero tpliginthe deduction of
a model for tunneling spectroscopy. But often the resautimit is determined by the
finite temperature in the experiment. Using equafiloh 2.tfpagdB with the constraint of
constant LDOS in the tip we get for the first derivatiye/oV':

or
ov

ocpt/ps(eVT+e)SeCﬁ ) de. (2.18)
v kpT
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Figure 2.5: Visualization of the influence of the modulatmmthe resolution of obtained
spectroscopic data. Assuming a perfectly flat LDOS in thepdamvith only one infinitely
sharp peak (left panel) the modulation broadens this peakhaf-sphere with a width of
2eV,, (right panel).

The LDOS of the sample is convoluted with a hyperbolic sebamttion, which smears
out all spectroscopic featurBdn figure[Z®, the)I /0V curve for an infinitely sharp-like
peakin the LDOS is calculated. It shows a Gaussian-likedenig with a full width at half
maximum (FWHM) of3.2kT. At ambient conditions of' = 300 K, the energy resolution
would be limited to onlyAE ~ 80 meV, while in low-temperature STS measurements the
resolution is strongly enhanced and can reach the suketadtronvolt region.

In realistic high resolution spectroscopic experimenthwock-In detection (see pre-
vious sectiol 2.3]11), the signal is not only broadened byeahwerature but additionally by
the modulation voltage. Thus, the detected Lock-In sigaaltb be calculated by convolut-
ing the temperature broadening functibip = seclt(e¢/kpT) as well as the instrumental
resolution function;,, (equatiorZ1l7) with the LDOg, of the sample:

dl
W(VT) X (ps * Fr x Fy,)(eVp). (2.19)

Using the temperature as fitting parameter in well known tspdtor example the BCS
quasi-particle gap (see chagiér 5)) can result in surgtisinigh temperatures, higher than
the base temperature of the STM. The reason is that eveni@yZal® does not include
broadening due to noise in the power supply@fand offset-voltage noises in the current-
voltage converter. As long as these noises are random tindyecimcluded i 219 by using
an effective temperatureT, ;s := /T2 + T2, with T,, asnoise temperatureriginating
from the electrical setup. Often these noises are the maits®f broadening especially if
periodical signals (for example multiples of the line frequay due to ground loops or high
frequency signals from telecommunication transmittersgtcast, cellular, etc.)) couple
into the tunneling current or voltage.

“Remarkably, only the temperature of the tip and not of thepainfluences the resolution when assuming
constant LDOS in the tip, although tip and sample are usiratlyermal equilibrium. Otherwise the temperature
difference would lead to a thermo-voltage between tip amdpsa [29] which can be experimentally used to
detect very sensitively the derivative of the LDOSFat [30].
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Figure 2.6: Visualization of the influence of the temperatan the resolution of obtained
spectroscopic data. Assuming a perfectly flat LDOS in thepdarwith only one infinite
sharp peak (left panel) the temperatiiréroadens this peak to a Gaussian-like peak with a
FWHM of 3.2kgT (right panel).

2.3.3 Inelastic electron tunneling spectroscopy

The goal of inelastic electron tunneling spectroscopy 8EIE the detection of processes
in which the tunneling electron looses partly its kinetieryy during the tunneling process
between tip and sample. As schematically represented iref@d, electrons with a suffi-
cient kinetic energy have the possibility to excite intéstates in, for example, adsorbates
on the surface. After losing partly their kinetic energye thectrons still must have enough
energy to enter the electrode to be detected.

In planar tunnel junctions, IETS measurements were alreadprmed approximately
40 years ago to detect vibrational excitation modes$ [[31L1332, Because of the high lat-
eral resolution in STM experiments which makes it possibladdress individual atoms
or molecules on surfaces, it is very appealing to performsmeanents to detect inelastic
processes. Additionally, in STM the characteristics of éldsorbate are much better de-
fined and can be checked easily with the STM in contrast togplamnel junctions where
the molecule is embedded in an ill-defined environment noessible for direct studies. In-
deed, there are also other techniques which have the cipédbdbserve vibrational spectra
—such as high resolution electron energy-loss spectrgg¢tiREELS), infrared reflection-
adsorption (IRRAS) or (microlRamanspectroscopy — but only IETS has the advantage of
imaging directly within the same experiment the atom or roalie under test.

Even if in the early days of STM collective vibrational extions at the surface of
graphite where detected [34], it is only recently that measents have been performed
on a single molecular level to detect molecular vibratid@; [36 [ 37| 38, 39] and even the
spin flip of single atomg[40]. To understand the influencedsfifional inelastic tunneling
channels on the obtained spectra, we will present in shomd@ehthat mainly follows the
idea of [41] and its application to STM_[42]:
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Figure 2.7: Schematic view of the inelastic tunneling pssceln addition to the elastic
tunneling current, an additional inelastic channel magtewihere an electron crosses the
barrier losing partly its energy by exciting an internatstia, for example, an adsorbate on
the surface.

IETS without saturation:

The additional inelastic tunneling channel arises due ¢dfdlet that an electron with a ki-
netic energyeVr| > E; excites, for example, a vibrational mode in a molecule dz=bon

the sample surface. As we have seen in sefidn 2.3, the lmatidn of the elastic tunneling
currentl, is linear to the applied tunneling voltagg. Above the threshhold aF; /e, the
additional inelastic currenk; flows in first approximation linearly to the reduced voltage
Vr — E; /e when assuming a lifetime.,, of the excited state much smaller than the average
time between two tunneling proceﬁﬁise. Tex < €/I7,. For the overall tunneling current
Ir = 1. + I; we get:

Ir=aVr+— | (fle—eVr+ E)A = f(e))+ f(e)(1 — fe — eV — Ey)) )de.

—00 t—s s—t

(2.20)
The conductances, ando; stand for the elastic and inelastic linear conductancgees
tively, while f (¢) is the Fermi-Dirac distribution function as defined on pdgelére we can
not use the simplification as in equationl2.5. Instead we tatake into account tunneling
in both directions from tip to sample ( s) as well as from sample to tip (— ¢) using
the Fermi-Dirac distributions. The integrallln 2120 can blved analytically [41]:

R <VT_%>f(€VT_Ei) <VT+%>f(—€VT—Ei) b o1
T = 0V + 0 f(eVT—Ei)—l + f’(—eVT—Ei)—l , (2.21)

with the shorthand (¢) = exp(e/kgT). The current-voltage curve in the zero temperature
limit is shown in figurdZ1B (a). Calculating the first derivatwith respect to the tunneling

SWith this restriction, we assure that the tunneling elewtralways find the system in its ground state.
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Figure 2.8: (a): Current-voltage relation of an inelastinrteling process. An additional
tunneling channel opens when the tunneling voltage excéedthreshholdeVy| > E;.
The current (full line) consists of an elastic (dashed lma) an inelastic (dotted line) con-
tribution. (b): dI/dV (upper curve) andiI?/d?V (lower curve) spectra of an inelastic
tunneling process. Symmetrically aroufigh a step like structure is detected in W#he/dV
curve, smeared out due to the finite temperature (dashed linthed?/d?V curve peaks
with a width of5.4kgT occur.

voltage results in:

% =0 + 0y / (e —eVr+ E)(f(e) = 1) + f(e)f (e + eV + E;)) de,
Vr .
(2.22)
and
aﬁ . eVT— )( fleVr — E —1_6‘;;?TBT)
oV Vi (f(BVT - Ez — 1)
—eVp — ( —eVr — _|_ 14 GVTJrE )
(2.23)
( (— GVT—EZ)—1>

Surprisingly, equatioi 223 can be simplified with an acalgt error & 0.5%) to a more
handy function:

olr

vl = e+ 0i(f(—eVr + E;) + f(eVr + Ey)), (2.24)
v

with f as a modified Fermi-Dirac distributionf(e) = (1 + exple/1.46kpT])" . The
resultingdl /dV curve shows a step-like increase in the conductivity symoaly around
Er at+F; (see figuré€Zl8 (b)).



16 Scanning tunneling microscopy and spectroscopy

Furthermore, performing the second derivation resulteakp at-L;:

O%Ip
vz,

= eoi(f['((—eVr + Ex) + ['((eVr + Ey))), (2.25)

which are schematically sketched in figlire 2.8 (b). The beaad) due to the finite temper-
ature is thereforé.4kpT [41].

The d?1/dV? signal can be easily detected with the Lock-In technique tion
2.3) as shown in equati@n?2]14 on phbe 9 when using asmeéefer the Lock-Ir2 x w,,, .
As for the dI /dV-measurement, the modulation of the voltage additionaibatlens the
detected signal by an instrumental resolution functiorPa@ |

Fp o R(2V2 — 2)3/2, (2.26)

IETS with saturation:

If the assumption we made in the beginning of this sectiorotHuifilled, i. e. the lifetime
of the excited state is comparable or longer than the avdmagebetween two tunneling
processes,, g e/Ir, the obtained spectra can change drastically.

As it was shown in referencE [43], the conductance of theeaysor |eV| > E; can be
described with an average conductance:

0 =NgOg + NexOezys  Ng + Neg = 1, (2.27)

with the two conductances, ando., of the ground and excited state, respectively, and the
average fractional occupations of the systejr(ground state) and., (excited state). The
current-voltage relation, which we will treat for simpliitton only for positive voltages,
can now be written in the zero-temperature limit as the Vaithg:

IT(VT) = O'gVT for eVp < Ei7
IT(VT) = (ngag + nexaex)VT + ngaup(VT — Ez/e) + NexTdown VT foreVyr > F;.

elastic inelastic

(2.28)

The first part of the sum contains elastic contributions ®ttimneling current, while in-
elastic current contributions are added in the second pgihating from the transfer of the
system from ground to excited state, ., (V7 — E;/e)) and from relaxation of the excited
state by inelastic scattering.{.c4..,»Vr). The fractional occupation in the excited state
ne, Calculated as:

Neg =0 for eV < E;,

-1
Tg O’up(evT — Ez)
Neg = = for eV > E;,
e Tg_l + Te_xl O’up(GVT — Ei) + CagowneVr + e2S T="

(2.29)

with 7, andr,, as the average lifetime of the ground and excited stategctigply. Spon-
taneous relaxation of the system from excited to groune $sathereby included into the
lifetime 7, by the relaxation raté.
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After substitution of equations_ZR7 ahd 2.29 into equaid?8, one obtains for the
differential conductance [43]:

Olr
— = foreVr < E;,
v v Og evp <
I B
aa_T — A+ s, foreVp > E;, (2.30)
Vv Vi <1 + VT—FEi/e)

with the parameterd, B, andI" as:

A= O'up(U'e;c + Udown) + O-down(o-g + Jup)
Oup T Odown
(GupEi — €28) (0w — 04) + 20upOdown Bi + €25 (Tup — O douwn)
(UdownEi + 625)(0'up + Udown)
T = doun B + €25 (2.33)

e(o'up + Udown) .

, (2.31)

B =0y . (2.32)

The resulting spectra depend strongly on the parameterseo$ytstem. The inelas-
tic tunneling spectrum without saturation, as discusseithénprevious paragraph, can be
recovered from the presented model when assumyng> 7y, i.€. Lypyn + €S > I,
wherebyljown = downVr andl,, = o,,(Vr — E;/e) are the current contributions to
relax and excite the state, respectively. While the cusrépt 4..., have to be smaller than
I, this is equivalent te.S > I7. Under these assumptions equaflonP.29 resultg iy 1
andn., ~ 0 and equationZ.28 has the same form as equifioh 2.20 (ifi thé limit) with
the commutatiow, = 0. ando,,;, = o;.

When the system has a sufficiently small relaxation fatine spectrum becomes asym-
metric aroundt F;. As schematically shown in figuEe2.9 strong peaks or dipsioiccthe
spectra when crossing the threshpldf:| = E;. Assuming a conductivity of the excited
state equal or larger than the conductivity of the grountestae.o., > o4, the spectra
reminds us of the quasiparticle excitation spectrum in @mgmductor (see chapiér 5) as
drawn in figurdZP (a) fov., /o, = 3.

On the other hand, dips occur when assuming a sufficientiMlsmzonductance in
the excited state then in the ground state which might eveultren negative differential
resistance (NDR). This is schematically presented in figillgb).

A smaller conductance in the excited state of the system aoedpo the ground state
might surprise, but can be understood by, for example, agehamthe geometrical configu-
ration of an adsorbed molecule]44]. Thus, the presentedhiad the additional advantage
of being applicable on two-state systems with switchingesii. e. lifetimes of the ground
and excited state much higher than the normal self-relaxatme S which lies in the ns
and fs region. Under conditions whergandr,, reach accessible timescalgs{ms) for
STM, the switching can be directly recorded and thysn., are calculable with equation
[44]43].

Additionally, even timescales much shorter thardi¢) measurements directly acces-
sible can be analyzed by varying the setpoint curignand thus the number of tunneling
electrons per second. IETS is applicable within a tunnetingent of approximatively
20 pA < Ir < 100 nA, corresponding tol x 108 — 5 x 10! electrons per second or an
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Figure 2.9: Simulated!/dV spectra for inelastic tunneling with saturation. (a): A BCS
like spectrum with peaks afi’r = +F; can occur whew., > o4,. The graphic shows a
simulation using equatidn2ZB0 with the parametérs:- 1.1, B = 6.0, andI’ = 0.35 [arb.
units], calculated fov.,, /oy = 3, 0up = Tdgouwn = 0.2x 0,4, andS = 0. (b): Dips rather than
peaks atVr = +F; occur wherns,, < o4. Here itis simulated wittd = 1.1, B = —0.25,
andI’ = 0.35 [arb. units], calculated fa; /oc, = 3, Oup = Tdgown = 0.2 X 0¢z, @aNdS = 0.

adjustable average time between two tunneling electronsf2 fs — 10 ns. While the
conductances scale linearly with the tunneling curreht, the spontaneous relaxation rate
S is constant and thus discoverable by performing IETS measemts in a wide current
range.

2.3.4 Spectroscopic maps

Up to now we have discussed the possibility of measuring D@8 on single points. These
methods use the high resolution of the STM to obtain locafiyed’r) curve, i. e. the energy
dependent LDOS.

Sometimes it is more useful to map the LDOS of a specific areacartain energy.
This is done by using the constant-current imaging modeti(el2.2) while modulating
the applied voltagé’ and detecting thél/dV signal continuously to create a map of the
LDOS at the energy V.

The main problem for analyzing/ /dV maps arises from the fact that we can no longer
assume that the tip-sample distance stays constant. Dilmgéngcan not only does the ge-
ometric surface topography change the tip height, but asatons in the LDOS integral

evr p(€)de influences the tip height as explained in secfiod 2.2. To mmize these in-

0
fluences, the tip-sample distance can be taken into accowtdrtect thed//dV map by

[45]:
dl dl

with (dI/dV'), as averag€l/dV signal, A(dI/dV') and Az as the change in thél /dV
and thez-signal, respectively, and(z), as in equatiol 211 on pa@é 4, with the estimated
average tip-height.
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2.3.5 Beyond the limit of resolution

As we have discussed in detail in this section, STS offerseirfating potential to obtain
detailed spectroscopic information of the probed systemfotiunately, the resolution is
limited due to broadening effects. While in most cases tfieence of electronic noise
sources and the modulation voltage (secfion?.3.1) to tteadening can be acceptably
reduced by carefully designing the experiment and equipriea influence of the finite
temperature (section_2.8.2) is only reducible to a cert@&gree and therefore often the
limiting factor of the approachable maximum resolution.

It might be useful to imagine for a moment a situation in whioh are able to design
the LDOS for a “perfect” tip. For spectroscopic measuremeattip with flat LDOS over
the energy range of interest might not be the best choiceuseaaf the broadening of the
occupation of electronic states aroufig, which is a direct consequence of the fermionic
nature of electrons and described by the Fermi-Dirac didion. An imaginary tip with
only a sharp peak in the LDOS & would not be limited in resolution by the finite
temperature as seen by calculating-/0V with equatior’ZB. With such a tip the first and
third sum vanish. Integration of the second part yieldsVr):

o1
oV

~ /de[—ps(e)5'(e—eVT)ft(e—eVT) (2.35)
i )

=0
—ps(€)d(e — eVir) fi(e — eVr)

+ pu()8' (€ — V) fue — eVi) £ (e)
=0

= ps(eVr).

Unfortunately, such atip does not exist. But as it will bewghdn chaptef513, supercon-
ducting tips with their sharp increase in the quasi-partetcitation spectra al’; = +A
and their gap betweelr + A can be successfully used to significantly increase theuesol
tion in STS measurements. With these tips it is indeed plesgitobtain resolutions below
3.2kpT (elastic tunneling) ob.4kpT (inelastic tunneling) even if one has to perform a
deconvolution of the sample spectrum from the quasi-paréxcitation spectrum of the
superconducting tip.
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Chapter 3

Creating a superlattice of Ce
adatoms on Ag(111)

3.1 Introduction

The control of the geometric, electronic, and magnetic eribgs of ordered structures at the
nanoscale is necessary for the understanding and fabricatinew materials and devices
with structures as small as single atoms or molecules. heiple, there are two routes that
lead to the construction of nano objects: (i) the “top-dowapproach which is the extention
of current methods of microelectronic production. In thg“pottom-up” approach single
atoms or molecules are manipulated using the STM to creatwlex structures [46, 47,
48,[49,[50], or, alternatively, atomic or molecular patseare formed by self-assembly
511,52 [53[54].

In this chapter, the creation of a hexagonal superlatticeirgfle Ce adatoms on the
Ag(111) surface will be discussed. As proposed more thane2bsyagoll55], long-range
surface-state-mediated adatom interactions, which hega found on different metal sur-
faces|[56, 517, 58, 59], can be the driving force to create swgilperlattice when the adatom
concentration, the sample temperature, and the adatousidiff barrier are in a subtle bal-
ance[[60[ 60/, 62].

Furthermore, the influence of such an artificially producddtam superlattice on the
surface state electrons will be discussed. A simple, imtuinodel based on a periodical
two-dimensional lattice and additionally performed tifpimiding simulations will reveal
site-dependent characteristic features in the LDOS whielc@mpare with spectroscopic
measurements showing good agreements between model ané$lat

The opening of an energy gap in the surface state band wiltuigad for the under-
standing of the lattice stability and is reminiscent of thg gpening in systems with charge-
density waves [84] or of metal-insulat®ott-transitions [[65/_66]. Due to the high lateral
resolution of STM, the local distribution of the electromsthe bonding and antibonding
bands of the split surface state was measured [63]. Remgrkiad model based on surface
state mediated adatom interaction, as well as the bandlatidms obtained with the tight-
binding approach, resulted for the lowest energy configurah the same adatom-adatom
distance as experimentally observed. These reveal thm#isg duality in nature, where
physical problems in the nanoworld can be solved using aroaph in real space (as in the
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Figure 3.1: The clean Ag(111) surface observed with STM aaseliemperature af =
50 K with a tunneling voltage o¥/7 = —20 mV and a setpoint currerdy = 1 nA. The size
of the image is approximately.5 x 7 nm?.

first), or in reciprocal space (as in the latter).

Additionally, the influence of imperfections and disordertbe LDOS was measured
and rationalized within the tight-binding mod&l[63]. Tke®sults are of considerable in-
terest, as disorder is expected to leadtwlersoniocalization in 2D [67/68] with dramatic

consequences on several properties, including the cawity@nd the LDOS of the elec-
trons in the sample.

3.1.1 The surface state of Ag(111)

Silver has a face-centered-cubic (fcc) crystal structutke avunit cell side-length of 409 pm
[69]. The hexagonal closed-packed (111) surface reveai®kl symmetry with an inter-
atomic distance 0109 pm/+/2 = 289 pm, which can be made visible with STM as shown
in figure[31.

The Ag(111) surface has Shockleylike surface state [70, 71] which appears at the
I'-point of the projected band structure and has a band edgevlibe Fermi energy at
—63 meV [26]. The surface state exists due to the fact that thedlieity of the crystal
potential is interrupted at a surface. Normally “forbidtetectron wave-functions with an
imaginaryk-vector inside the crystal have on some surfaces a nonvagisbal part/[[72].
The amplitude of the surface states wave-function decseag@onentially in the crystal as
well as in the vacuum. Nevertheless, on the Ag(111) surfaeestirface state electrons
form a nearly free two-dimensional (2D) electron gas witheffiective electron mass of
m* = 0.42mg (mg: free electron mass) [73] and an almost parabolic energy entum
relation for low energiesK < 250 meV) as discussed in the following. Thus, it can be
described by the expression
h2k>

E(E) - 2m*

- EO? (31)
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Figure 3.2: (a): Schematic representation of the projebtedl structure of the Ag(111)
surface around thE point (E — 0) plotted in direction of the M and K point. The parabolic
curve describes the dispersion of the surface state. ():aRRD free-electron gas, the
momentumk has two components and dilwith the same energy lie on a circle. The
difference between two circles of constant energy is thg bedched ring.

which is schematically represented in figlirel 3.2 (a). Thesidenf states (DOSh(E),
i. e. the number of states in an energy intei\al E + dFE), is thereby given a$[72]:

n(E)dE = L (

@y / dfiE> dE, m = dimension= 2 in this case (3.2)
Y8

i(p) |grad; E(k)|

with f5 as the constant energy surfacekispace angrad;E(k) as the gradient of(k)
with respect tck.

For the free 2D electron gas, equat[onl 3.2 can be understdbdtive help of figure
B2 (b). All possible electron states with enerfyare located on a circle in the,, k,

momentum space with constant absolute momentum Valee , /2 4 k2. Changingk

to k + dk leads ton(k)dk = 2mkdk new states (gray area). With the substitutitin =
m*(h*k)~'dE obtained from the differentiation of equatibnl3.1, one calcuate the DOS
of the 2D electron gas as an energy independent constant of:

*

2’:712 dBE; E<Ey: n(E)dE =0. (3.3)

E>FEy: n(E)dE =

As seen in chaptdr 4.3, scanning tunneling spectroscoppuresthe LDOS of the
sample. On clean Ag(111) terraces, a step-like increadeeinlifferential conductance at
Ey = —63 meV can be observed which is due to the opening of new turmstates of the
surface state DOS, as shown in figlrd 3.3.

Additionally, mapping the LDOS (see chapfer213.4) at défe tunneling voltages
eVr > Ej close to surface steps or impurities allows the direct nreasent of the en-
ergy momentum relation of equatibnBL1][74]. The electromesaare reflected at steps and
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Figure 3.3: The surface state observed with STS on a cleatlAyferrace at a temperature
of T' = 5 K. Clearly visible is the step-like increase in the LDOS ag¢rmgies above the
surface-state onsetat —63 meV.Vyr = —100 mV, I = 1 nA, andV,,, = 5 mV.

impurities producing an oscillating interference patt@f¥iy.[3.4). Since these interference
patterns are oscillations j()|? with () as the surface state electron eigenfunction, the
spatial frequency of the pattern is givendy( E') with k(E) as the inverse of the dispersion
E(k) of equatior:311. This method has been successfully apglieteasure the dispersion
relation of the surface state of different metal surfaCé&s¥6, 73].

3.1.2 Electron density oscillations

As shown in figurd=3l4, impurities and adsorbates on the AQ(srface act as scatterers
for the electron waves. They break the symmetry of a cleaiasiby inducing an addi-
tional local potential to the periodic potential of the sué atoms. The electrons around
this perturbation attempt to screen the potential by dgmsitillations, so calledrriedel-
oscillations after J. Friedel who first described these oscillations ritgzally [74]. The
wave length of this oscillation at the Fermi enetfjy is thereby determined by half of the
wave length\p = 27 /kp of the screening electrons.

In silver, theThomas-Fermivave vector for bulk electronsefr = 12 nm™1) [78] is
relatively large compared to that of the (111) surface sifgetrons okr = /2m*Ey/h =
0.82 nm~!. The shorter wave vector of the surface state electronsipesdabout a 15-times
larger oscillation wavelength, which makes the obsermaticSTM much easier. Addition-
ally, the screening amplitude decays in the bulk wit}, while it decays on the surface for
surface state electrons only with! due to the dimensional restriction in two dimension.

A single Ce atom observed on a clean Ag(111) surface revaial§tiedel-like oscilla-
tory modulation of the surface state electron density, as/ghn figure[3.b (a). The pseudo
3D representation results from a constant current STM inndgeh was measured at a base
temperature o’ = 3.9 K to ensure that the Ce adatom is immobile during the measure-
ment. It shows concentric rings of increased tip-heightuadothe atom in the center of the
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Figure 3.4:dI/dV maps of Ag(111) at (a)Vr = —50 mV, (b): Vpr = —25 mV, (c):
Vr = +10 mV. Oscillations perpendicular to the step edge, which rerically through
the middle of the images and circular around impuritiesnfarstanding wave pattern with
an energy dependent wave length. The size of the image is 40 nm? recorded with a
base temperature @f = 50 K, a setpoint current of = 0.5 nA, and a voltage modulation
of V,, =5 mV.

Figure 3.5: (a): Friedel oscillation of a single Ce adatomaariean Ag(111) surface ob-
served at a base temperaturelof= 3.9 K, a tunneling voltage o¥/; = —3 mV, and a
setpoint currenfr = 20 pA. Image size25 x 25 nm?. (b): Simulation using equatidi3.4
with a scattering phase shift 6§ = 0.37 r and a wave vector dr of k = 0.82 nm~1.
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image. The tunneling voltagér was set to-3 mV, very close takr, so that only the small
interval betweerE'r — 3 mV and Er of the LDOS contributes to the tunneling current (see
equatior Z]7 and chapterP.2) and thus, the topographicemettpcts mainly the LDOS at
Er. A first maximum exists at a radius ef 3.2 nm, while the following rings are at a
distance oz Ar/2 = 3.8 nm from each other, with  as the in-surface Fermi-wavelength
Ar = 27/kp. The deviations from a perfect circular shape are due toferences with
reflections from other adatoms located further away anctosr not seen in the figure.

For the LDOS atF'r, the variation can be described as the sum of the amplitude of
incoming and a reflected electron wavel[75]:

Ap(r) « % (C082 (k:pr — % + 60> — cos? <kp7° — %)) . (3.4)

The Fermi-level phase shif of the reflected wave is thereby due to the interaction with
the adsorbate. Simulating equatfonl3.4 and comparing lit thik measured pattern results
in a phase shift for Ce on Ag(111) 6§ = (0.37 £ 0.05)7, as shown in figurEZ35 (b). The
simulation is in good agreement with figurel3.5 (a) exceptliershape of the atom in the
center of the image which is not included in the simulation.

3.2 An adsorbate superstructure

Dosing approximately 0.2% of a monatomic layer (ﬂb)‘ Ce adatoms from a thoroughly
degassed tungsten filament onto a well-prepared Ag(1lidcguteads to a non-random
distribution of Ce adatoms. FigureB.6 shows an image takartemperature of 3.9 K by
pumping on the bath of the He cryostat][79]. The tunnelingagdV; = —100 mV and
current setpoinf; = —20 pA lead to a high tunneling resistance to prevent influenées o
the cut Pt-Ir tip on the adatoms. The adatoms form rows andl sstends with a typical
adatom-adatom separation32 + 0.05 nm.

After having increased the sample temperature to 4.7 K thadagoms look “fuzzy”
due to the jumps of the adatoms to adjacent lattice positionghe underlying Ag(111)
lattice seen in figur€Z3.7. The few stable objects which ranmimobile in the image
were identified as dimers which have been formed after Ceoeatipn on the sample at a
temperature of about 8 K. Even at the low setpoint currépt=£ 20 pA), some of the Ce
adatoms show tip-induced motions. The atoms move in thetdireof the scan as seen in
multiple imaging of the same atom in several subsequentisean

The observed adatom-adatom distances.afnm matches the first maximum in real
space of the electron density oscillationfat around a single Ce adatom, as discussed in
section 3. TP. Whild. Friedelalready suggested an interaction between embedded atoms
in a crystal due to electron density oscillations![7K],H. Lau andW. Kohnshowed that
for interactions between adsorbates on a surface with &/ diflgd surface state band the
interaction energy decays only witl/? instead of1/r° as for interactions mediated by
bulk states[[55]. The explicit theoretical analysis basedheHarris functional expression
[B0] was performed bip. HyldgaardandM. Perssorf81] in particular to be easily applicable

1In the context described here, a monatomic layer of Ce méareoimplete coverage of the Ag(111) surface
with Ce atoms having the same spacing as in their crystatdatts 4 x 10**cm™?2)
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Figure 3.6: STM constant-current image of the Ag(111) sigrfeovered by approximately
0.2% of a ML of Ce obtained at a temperature of 3.9 K (image-$i) x 80 nm?, V; =
—100 mV, I = 20 pA). The Ce adatoms have a preferred next-neighbor distzfr&:& nm.

Figure 3.7: STM constant-current image as in fiduré 3.6 battamperature of 4.7 K. The
Ce adatoms are mobile and appear “fuzzy” while some dimershAtave been formed are
immobile.
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Figure 3.8: Calculated interaction energy between two Geoaas on Ag(111) fofy, =
0.377. Depending on the reflectiviti® the trapping barrier for an adatom-adatom distance
of 3.2 nm is between.2 — 4.2 meV.

to STM measurements. Their results lead to the followinfpserstate mediated interaction
energy between two adatoms which is in good agreementahithitio calculations[[8R]:

2 2 .
AEpun(r) = —Eo (% +Rsin2(56)> < <%> Sm(z(’j; 7;;; 20 (35)
The interaction energy depends on the distanicetween the adsorbates, the reflectivity
the surface state band edge onset enéigwith respect taF -, and the associated surface
Fermi wavevectok . Scattering into bulk states is taken into account by a cerphase
shift: 8y = & + id;. With this definition, the reflectivity is written a8 = exp[—24(] and
the Friedel-like phase shift & for an isolated adsorbate can be writtenl [81]:

_ /
0o = tan"! (%{W) : (3.6)
0

Using the observed phase shiff = (0.37 + 0.05)7 (see sectiofi 3.1.2 and figure13.5),
equation[3b has its first minimum at= 3.2 + 0.2 nm and a weak local maximum at
r = 5.2 + 0.2 nm (FigurdCZ3.B). The amplitude of the interaction energyetels therefore
on the reflectivityR which can only be between40 and1.0 due to the restrictions implied
by equatior316. FoR = 1 the Ce adatoms act as perfect scatterers, i. e. no surfdee sta
electron waves are scattered into bulk states, and thamigpprrier for an adjacent adatom
at the position of minimal energy: (= 3.2 nm) is about4.2 meV, while for R = 0.4 the
trapping barrier decreases to abo® meV. To conclude, the deposited Ce must have suffi-
cient thermal energy to overcome the small potential baat@n adatom-adatom distance
of » = 5.2 nm by random diffusion, but get trapped afterwards at thegetieally preferred
distance ofr = 3.2 nm, as observed in figufe’B.6.
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Figure 3.9: Left: Constant-current STM image)§ x 108 nn?, Vo = —90 mV, Iy =
40 pA) of the Ag(111) surface covered by approximatelyl ML of Ce at a base tempera-
ture of 3.9 K. Right: Fourier transformation of the image.

Increasing at low temperaturéd (= 3.9 K) the coverage to about 1% of a ML of Ce
adatoms leads to an ordered hexagonal arrangement as shégure[3.® (left). The Ce
adatoms are clearly visible as bright spots forming a hexalgeuperlattice with a distance
between two neighboring adatoms3o2 4 0.2 nm which is manifested in the Fourier trans-
formation [3 (right)) as a ring-like structure at the esponding space-frequencies. As a
consequence of the only short range angular correlationeirstiperlattice 183] only broad
peaks are detected at the six symmetry points in contraspésfactly oriented hexagonal
lattice This self-organized superlattice covers the entire Ag(Xkliface up to macro-
scopic distances, i. e. taking images at different regidrieedsample by displacing the tip
in the millimeter range leads to the same superstructurech &dong-range ordered su-
perlattice has not been observed before, even if attempts made with Cu on Cu(111)
[57,[58] and Co on Ag(111)184].

To estimate the interaction between the Ce adatoms in ttieelatve may calculate
the interaction energy for an adatom located”aurrounded by six neighbors &t (i =
1...6) in hexagonal arrangement with an adatom-adatom distain8e emm. Using the
pair interaction energy and an additional term for the extéons between three adsorbates
[B5] result in an interaction energy for the central atom of:

6 6 6
AEint(F) = Z AEpair(m - FD + Z Z AEtriple(Fia Fja F) (3-7)
i=1

i=1 j>i

2Higher ordered regions which show more pronounced peakeiRaurier transformations were also found
as can be seen ip160].
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with AE,;, as defined in equatidn_3.5, and

R—1)? 0N (16v2
AEtrzple(ruT]v ) EO (% + RSln2(50)> W 7123 X

SiD(QkF’I“lzg + 36y — 37‘1’/4)

3.8
(kprizs)®/? (3.8)
with the definition offy as in equatiof 316 and the shorthands
32
r193 = |15 — 75| + |75 — 7] + |75 — 7] and 7123=2<2 = s S )
VEELIEER IR

Minimizing the interaction energi E;,,; by varying the adatom-adatom distanrbeith
a constant phase shift set@g = (0.37 + 0.05)7 results ind = 3.2 + 0.2 nm, which is in
excellent agreement with the observed Briene corresponding energy map coded in gray
levels (dark: low values, bright: high values) and a crosti@e is shown in figur€-3.10.

Depending on the reflectivity, the central atom sits in an energetic minimuih=¢
0) induced by the six next-neighbor Ce adatoms and gains amyehetweent.7 meV
(for R = 0.43) and31 meV (for R = 1) with respect to the energy at infinite position
(|7] — zo0). The formation of dimers is inhibited by the potential wail|7| ~ 2.3 nm.
Furthermore, figur€Z3.10 exhibits an almost parabolic gapagition relation for small
variations ofi around the most stable position/at 0.

Using the statistical distribution of the variation of théatom position between two
successive scan lines at a temperatur® ef 4.8 K, which occurs due to random jumps of
the Ce adatom from one atomic position to another within thk &s seen in figude=3111 (b),
we determine directly the reflectivitit by comparing to the Boltzmann distribution

R

n(f’) = ng exp AEmt( ) AEznt( ) ) (39)
kgT

The result is displayed in figufe_3112 and shows a Gaussi#iibdison with a full width at

half maximum 0f0.57+0.02 nm, consistent with the approximately parabolic potemvieil

A least square fit of equatidn_B.9 to the data results in a tefigcof R = 0. 43+ o and

thereby in a superlattice confining potentialldf8 4+ 1.2 meV (see flgmﬂ) We have

to note that the measured distribution was corrected toabethat we measure changes

only in one direction. It should be approximately the truatach distribution as long as

Ttip <K Tjump <K Tatom, Wherers, ~ 30 ms is the time to scan over a single adatef,,,

is the temperature dependent characteristic adatom rgppipie from one Ag(111) lattice

3Neglecting triple interactions between the adsorbateddlead to an ideal phase shift for minimal energy
in a lattice with3.2 nm adatom-adatom distanceéf = 0.457 in contradition to the observations, while when
including triple interactions the ideal phase shift becei®d867. Higher order processes, i.e. interactions
between 4 or more atoms have very small influence on the desralgy due to the rapid spacial decay of the
wave-functions and are neglected.

4Surprisingly, the analysis results in the minimal possibféectivity R that is allowed according to equation
B8. Even if not discussed here, the interplay between theghbhifidy and the reflectivityr depends strongly
on the intrinsic binding of the Ce adatom to the Ag(111) stefaSince a high percentage of electrons are
scattered into bulk states the adsorption seems to be dt@dibg the interaction with the surface state.
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Figure 3.10: Calculated potential landscape and crodeealong the directior = (g)
(line) of the pair- and three-adsorbate interaction fornglsi adatom surrounded by 6 in
hexagonal order fixed adatoms (small black spots in the sitieplot) with an adatom-
adatom distance of 3.2 nm and different reflection coeffisiéh For the reflectivitykR =
0.43 the confining potential is given biyl.8 meV.

Figure 3.11: Constant-current STM images of the Ag(111jaser covered by approxi-
mately 1% of a ML of Ce obtained at a temperature of (a) 3.9 K(hhd.8 K with the same

image-size 0B85 x 35 nm? (V; = —100 mV, I = 20 pA). At 3.9 K the Ce adatoms are
immobile during the time of data acquisition, while theykdtuzzy” due to jumps between

lattice-sites of the underlying Ag(111) surface during sikanning at the slightly elevated
temperature of 4.8 K.
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Figure 3.12: Histogram of the measured Ce adatom displattefren the ideal position
of the hexagonal superlattice sites at 4.8 K (bars) andsttati analysis using th&;,,,(r)
relation of equatiof-3l17 and the Boltzmann distributione Dlest agreement is obtained for
an adatom reflectivity ok = 0.43.

site to another, and,;,,, ~ 16 s is the total time during which a given adatom is monitored
and hopping events can be recognized. The average time drethw® jumpsT,,, =
300 £ 100 ms is estimated from the statistical probability of obsegva jump duringr,
and the probability of observing no jumps during the timd sfbetween successive scans
over a given adatom. Non-negligible possible forward-baukl jumps due ta;,,,, < 1S
are thereby included.

Assuming an attempt frequency of = 10295 Hz [59] we calculate the diffusion
barrier for the Ce adatom on the Ag(111) latticeAg,y = kT In(vo Tjump) = 10.9 =
0.7 meV. Thus, reducing the base temperatur@&'te- 3.9 K “freezes” the superlattice as
seen in figurd_31 (a) because the adatom hopping timg comes now in the range
of several minutes. Additionally, according to equatioB the variation of the adatom
positions from their ideal positions is smaller, i. e. thpexlattice shows a higher degree of
ordering.

To summarize this section, we saw that at low Ce adatom ctratiem <. 1% ML the
interaction energy between two Ce adatoms creates onlyllawimotential wall of1.2 meV
(see figur€&318), not enough to trap the adatoffi at 4.8 K and to form an ordered structure
except for small regions with locally higher adatom concaiins as seen in figufe_B.7.
But with higher concentration the superlattice is createchinse adatoms inside an ordered
lattice are trapped in a sufficiently high potential wallldf8 meV. Additionally, the low
diffusion barrier, which is of the same order of magnitudé&gves the adatom to find the
energetically preferred position in the superlattice, le/fior systems that require higher
temperatures to allow adatom diffusions (as for exampleCG(¥/11) [58] or Co/Ag(111)
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[59]) the long-range surface-state mediated interactiotergial is too weak compared to
the diffusion potential to create ordered structures omgelescale.

Increasing the temperature and thereby increasing exfialhethe mobility of the Ce
adatoms results in more and more disorder in the hexagoraigement of the adatoms
and finally causes the collapse of the superlattice at testyrexs of about0 K [&1].

3.3 Modification of the surface state

The creation of the highly ordered adatom superlattice enAb(111) surface with its
characteristic two-dimensional surface state is well diesd in the framework of long-
range adatom-adatom interactions, as explained in det#ile previous section. But this
model does not provide results for the electronic behavith@surface state in interaction
with the scattering pattern.

Thus, STS measurements were performed on the stable dtipert a reduced base
temperature 03.3 — 3.9 K by pumping on the liquid He bath [F9] to prevent movements of
the adatoms during data acquisition. The applied tunnefotigigeV was modulated with
a small sinusoidal voltag¥,,, and thedI/dV signal was detected with Lock-In technique
as described in chapterZB.1.

Figure[3.IB (a) presents a close-Ugh(x 7.5 nm?) constant current STM image of the
Ag(111) surface covered with approximately 0.01 ML Ce forgha well ordered hexagonal
superlattice with an adatom-adatom distancé ef 3.2 nm. ThedI /dV spectrum shown
in figure[3.IB (c) (black curve) was measured in the centehetriangle formed by three
Ce adatoms as marked in figure_3.13 (a). Compared to the specitained on clean
Ag(111) (blue curve), the spectum has changed dramatidaljead of a step like increase
in the differential conductance at the surface state bamsgtoof —63 meV (see section
B11), two relatively broad peaks are observed at apprateiy 85 and 210 meV. Using the
energy of the first peak as the tunneling voltage for spectymis mapping of the differential
conductance, the image in figure_3.13 (b) is obtained rawgalimaximum in the LDOS in
the center of the triangles, and a minimum centered on thed@®ims with a finite spatial
extent.

Additional site-resolved spectroscopic measurementssiightly larger superlattice at
a Ce adatom concentration of approximately’% ML resulting in a superlattice spacing
of d = 3.5 nm were performed, showing structures in the spectra thatgly depend on
the spatial position, as seen in figlre_3.14. On the Ce adafumgesl — 3) the spectra
are mainly flat with a broad gaplike structure between agprately —75 and+35 meV.
When moving the tip away from the center of gravity of the adata peak at an energy
of approximately+45 meV arises which has its maximum intensity in the centertjowsi
of the triangle formed by three Ce adatoms (curges 6). The position of the peak is
shifted towards lower energies compared to the measurémtrgd = 3.2 nm superlattice
(figurel[3IB (c)). Furthermore, at a bridge site positioa, in between two adatoms (curves
10—12), the intensity of the observed peak is slightly reducedsdifted to higher energies
(approximately+60 meV).

To get an adequate overview of the spatial location and griditipe peaks in the LDOS,
1024 spectra were measured in a rasteé¥2ck 32 points covering completely one hexagon
of the superlattice. Each spectrum therefore contains &mtzEnts measured at a tunnel-



34 Creating a superlattice of Ce adatoms on Ag(111)

(2_"!
<

C

5[© |
— clean Ag(111)

g 4

£

S,

5 3 superlattice

S

-0.1 0 0.1 0.2

tunneling voltage V. [V]

Figure 3.13: (a): STM image of a hexagonal unit cell of theeslgttice of Ce adatoms
on Ag(111) with an adatom-adatom distancedof 3.2 nm (image size7.5 x 7.5 nm?,

Vr = =100 mV, I = 10 pA). The red star is not an artificial atom, but marks the point
where the spectrum (c) was measured. (H)/dV map of the same area B = 85 mV,
corresponding to the energy of the first peak of the spectrum shown below. &)/dV -
measurement of the clean Ag(111) surface showing the wrped surface state (see sec-
tion[311) in blue (set point before opening the feedbadp! V; = —100mV, I = 1 nA,

Vi = 5 mV) anddI/dV measurement in the center of the triangle formed by Ce adatom
in black (average of spectral; = —109 mV, Ir = 10 pA, V,,, = 5 mV).

ing voltage Vyr between—100 and +130 mV. To prevent jumps of Ce adatoms between
adjacent Ag(111) lattice sites during the recording of pftcira in aboufi10 minutes, it
was essential to reduce the base temperatuge3t« by pumping on the He-bath. All
the data points of the 1024 spectra that correspond to aircemergy were combined
into a color-coded image (color scale: blue-red-yellowesgponding to low-medium-high
dI/dV signal-strength) as presented in figlireB.15. The maps athengies of-100 and
—90 meV reveal a faint highefI /dV signal on top of the adatoms as in the region between
the adatoms. Between an energy of abe@0 and+20 meV the maps show no difference
inthedI /dV signal over the whole recorded area, while at energigs> 40 meV a strong
dI/dV signal with a maximum at aboé meV occurs in the region between the adatoms.

The average distance between two Ce adatoms in the superlattice depends on the
Ce coverage, and was determined experimentally to be inathgerofd = 2.3 nm (for
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Figure 3.14: Set oflI/dV spectra measured in a hexagonal superlattice with an adatom
adatom distance of = 3.5 nm from an on top positionl(— 3) to a center positiord(— 6)

and a bridge sitel() — 12). For illustration see the inset STM image where the pasitiare
marked. The spectra are shifted vertically with respecatihether for better visualization.
The set point before opening the feedback loop was for alitepel/ = —100 mV, I =

19.5 pAatT =3.3KandV,, = 10 mV.

~ 1.6% ML) to d = 3.5 nm (for =~ 0.7% ML). Higher Ce coverages> 1.6% ML) result
in the formation of cluster$ [61] with no long-range ordehile lower coverages< 0.7%
ML) lead to the formation of islands of Ce adatom superlaftiwith the energetically most
favored interatomic distance df= 3.2 nm (see figure&23.21(b)) and empty areas in between
(see pagE26).

The position of the first peak in the spectra recorded at théecef a triangle formed
by three Ce adatoms depend critically on the adatom-adaistanded, as shown in figure
218 which compares the spectra taken in superlatticesfivétdifferent average adatom
distances. For higher Ce concentration, i. e. smalleéhe position of the first peak shifts
to higher energies. Additionally, the peaks are broadenmdtd the increased disorder in
compressed latticesl (< 3.2 nm). The energy of the peak depends quadratically on the
adatom-adatom distande as shown in figurEZ3.21 and discussed later.

3.3.1 The nearly free electron model

To rationalize the observed spectral features we mightyaoplmple, in general solid state
physics well known, nearly free electron model (NFE), asagran undisturbed, infinite 2D
superlattice of regularly arranged Ce adatoms on the Ag(ddrface with a fixed adatom-
adatom distance af = 3.2 nm. Additionally, we assume a perfect free-electron-likdace
state with parabolic band dispersion as shown in figute 32ardescribed in equatibnB.1.
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Figure 3.15: Combined images of 10282 (x 32) spectra measured in a Ce adatom super-
lattice with an adatom-adatom distancedof 3.5 nm at a base temperatureBf= 3.3 K.
Each image corresponds to the map ofdligdV" signal of the 1024 spectra at the marked
tunneling voltagd/r coded in color (blue-red-yellow: low-medium-high signakagth).

dI/dV [arb. units]

01 00 01 02 03
tunneling voltage V;[V]

Figure 3.16: Set of spectra taken in the center of a triarmleéd by 3 Ce adatoms in a
hexagonal superlattice. The adatom-adatom distdriexrease from the top to the bottom
spectrum due to higher Ce coverage and thereby higher attsrlcompression. The red
line mark the shift of the first peak in the spectra from appfitkmeV (d = 3.5 nm) to
approx.200 meV (d = 2.3 nm). The spectra are shifted vertically in respect to eabhrot
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[01]

Figure 3.17: The periodic 2D superlattice is described iwithe vectorsiy anda; as basis
(left image). Due to the symmetry the eigenfunction of thdazie state electrons can be
written in the Fourier transformed reciprocal space (rigidge). The gray area marks the
first 2D Brillouin zone where the poinfs, M, and K are found, which fulfill the Bragg
condition.

Under the assumptions of a defect free superlattice, theneggtorsy () of the surface
state electrons are invariant to the translations
Yp(r) = ' Vp(F+mdy +nd) mneZ (3.10)

except for the phase factef*, with the basis vectors of the lattice (see figlire 13.17) given

amal), a-a( 12) -
omalt). a-a 2 |

Due toBloch’'stheorem|[86], the eigenvectors of the surface state elextran be described
with 2D Bloch waves[| 72, €4]:

Zc g exp[ (k — Jmn) - "] (3.12)

The eigenvectot) () depends on the 2D in-plane vectoand on the momentum vector

k parallel to the surface. Thé,, represent the Bloch-vectors of the hexagonal pattern
weighted with prefactors%i ) in the sum of plane waves in equation-3.12. The Bloch
vectors are written as

Gmn = (m50+n51> m,n € Z, (3.13)

with the reciprocal basis vectors given by

50_2” (2/[) and b, = 2”( 1}[) (3.14)

to fullfill the condition@; - b; = 0 andd; - b; = 27 A i # j. Figurel3V displays the two
basis vectors (blue) and the construction of the first 2Di&rih zone (gray area) with the
characteristic points at, M, and K.
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Figure 3.18: Bandstructure of the 2D electron gas in the gratice (black) and in the
nearly free electron approximation (green). Circles margetheracies at high symmetry
points where different bands, labeled with their corresiimg band indices, have the same
energy at identical wave numbers in the reduced band schamitie NFE model these
degeneracies are removed, and close to the high symmentg ploé bands are localized in
real space (inset figures).

Figure[3I8 shows the folded band structure of the Ag(1ldfase states along direc-
tions of high symmetry (black lines in figure_3117 (right))iffBrent bands are labeled with
their indices enclosed in brackétsn| having the following energy momentum relation:

2

N - 2
B(R) = 5= (F+dmn) — Eo, (3.15)
2m
where an effective electron mass:af = 0.42my [[73], and a surface state onset energy
of By = —63 meV [2€] was used. For a superlattice spacingiof 3.2 nm, the M

point is localized a*/%'M‘ = 27/v/3d = 1.13 nm~! and theK point at‘EK‘ = 47 /3d =

1.31 nm~!. For the unperturbed electron gas this corresponds to astemergy ofF,; =
58 meV andE i = 98 meV. At these high symmetry points of the Brillouin zone Bragg
condition is fulfilled and the dispersion relation is degae. At the)M point the[00] and
[10] bands intermix, while at th& point three band&)0], [01], and[10] cross.

The degeneracies at thi€ and M points are removed by including a finite periodic
potential created by the Ce adatoms that affect the surfate alectrons. This potential
V(7) can be developed in the basis of the reciprocal lattice vecto

V() = Vn exD [iGimn - 7] (3.16)
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with v,,,,, as the Fourier coefficients. Since the potentidF) has to be real, and the six-
fold symmetry of the superlattice implies a sixfold symmedf the potentia, the first
coefficients have to be equal:

V10 = Vo1 = U1 = V19 = Vo1 = V11 =V (3.17)
According to the perturbation theory for degenerate stf@€l the eigenfunctions can be
written as a weighted sum of the corresponding intermixirayevfunctions at the high
symmetry points:

() = 3 eitd (7) (3.18)

It is known that the periodic potential removes the degemelaading to the opening of
a gap in such a way that at th point, where thg00] and[10] wave functions mix, the
energy shift of the banddis

AB(M) = —v \w1>M:%<woo>+rwm>> (3.19)
AES(M) =+ lun)as = = (o) — i) (3.20)

with [¢1) and|vy,) as the corresponding eigenvectors of the bonding and andlibg state.
At the K point where three wave functions interact with the perigutential, one has to
solve the following matrix systeni [64]:

10 Yo1 a1
V10 E(kj) T (&%) = O, (321)
vor vy E(k) a3

which results, under the assumption of equalion]3.17 aredt afshort calculation in the
following energy shifts and eigenvectors:

1

AE(K)= +v V1)K = %(Wﬂﬁ — [tbo1)) (3.22)
AB(K)= +v |k = %(—mwow ) + D) (3.29)
AB3(K)= —20 |k = %(Wo@ + 7o) + 1))- (3.24)

The green curves in figufe_3118 show the results of the NFE hamd®iming a weak po-
tential with fixed first Fourier components= 30 meV. The degeneracy at thd point is
removed and a symmetric gap 2f width is opened, while at th& point the degeneracy
is not completely removed. THe0] band is shifted toward lower energies iy = —2v,

5The symmetry of the potential of the superlatticeig obviously sixfold. If the magnetic moment of the
Ce-adatoms is taken into account, the system has an additiegree of freedom, and a 186r a coplanar
120" symmetry (a so calletléetstructure) are possible solutions[87]. Neverthelesshénfollowing we will
neglect these possibilities.

5To minimize confusion, all potentials are assumed to betipesiunless noted.
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while the two remaining bands are shifted together towagthdni energy byAE = v re-
sulting in a gap width ofv[l

The Brillouin-zone of the superlattice is very small congghto the bulk. With a maxi-
mum of the absolute value of the momentum veqfqu only 1.31 nm~!, the wavelength
of the eigenfunctions is relatively larga & 27 /|k|) and thus the local distribution is ac-
cessible with STM. The probability of finding an electron hwvi momentunk at the real
space coordinatéis the absolute squatey-(7)|? of the eigenfunction.

Using the result6 320,319, ahd 3.P2=8.24 together wahd#finition of the Bloch-
waves: [¢;,,) = exp [i(%+§mn) . F} (see equatiof—3.12) and the representation of the

cosine functiongos(z) = 1 (™ + %), the transformation in real space is simply calcu-
lated to

|7/)uz9|2 x 14+ COS(§10 : F)
[Ydown|? o 1 —cos(Fio - 7) (3.25)

with |1,,|? as the probability density for the up-shifted (anti-bomgibands [Z20-322,
B23) and|v4..n|* as the probability density for the down-shifted (bondinghts (310,
B.22).

Because of the sixfold symmetry of the system, we have toitdkeaccount the first
three reciprocal basis vectdig, b;, andby = by — by to expand equatidn_3.P5 to the entire
2D space:

2
[thup(F) | o 3+Zcos(gn-ﬁ
n=0

2
]wdown(f')]Q x 3— Zcos(gn - 7). (3.26)
n=0

The insets in figurEZ3:18 show the result. States in the loared$ are concentrated close to
the Ce adatoms to take advantage of the attractive potdwtial while states in the upper
band are concentrated at positions between the Ce adatodditiofally, the bands are
flattened around the high symmetry points leading to an asgrén the DOS (see equation
B2 on pagé&33). Thus, the NFE model is able to explain acyrtie observed peak at
about85 meV (Fig.[3IB (c)) which agrees roughly with the energetisifion of the flat
bands. Additionally, the location of the peak between th&t@u arrangement, as seen in
figured3IB (b) and315), is well understood by the spaés#iilbution of |+,,,(7)|.

Nevertheless, the presented NFE model has several digagearas summarized in the
following points:

1. The result of the model suggests a high density of statégpaf the Ce adatoms at
an energy of about5 meV created by th& ..., solution which is not observed.

"The still remaining degeneration would be removed by assgrai potential with lower symmetry (i. e.
including the spin-freedom (see footnble 5). For a potémniit threefold (120 ) symmetry, equatiof-3.17 can
be replaced withvip = iv, vo1 = —iv andv,7 = iv. Then, the bandshift energies akd; » = ++/3v and
AFE5 = 0, so that all bandcrossings are removed [64].
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2. While we have used only the first Fourier coefficients ofgibeential V() induced
by the superlattice, the coverage of the potential is rakbweg-range & d/2) in
contradiction to supposed interactions of the Ce adatortisamily the nearest silver
atoms of the supporting surface.

3. The first order interaction energy~ 30 meV is not related to any physical property
of the adsorption process between Ce and the Ag(111) surfade rather a free
guess.

4. The NFE model crucially depends on the exact periodidith@ superlattice. Imper-
fections cannot easily be included.

3.3.2 Tight-binding simulation

To overcome the limitations of the NFE model and to get a deapderstanding of the
physics in the superlattice creation, stabilization, anpdrticular the changes of the LDOS
of the surface state, we performed tight-binding (TB) satiohs in cooperation witlCé-
dric Webeﬁ, Frédéric Mildd, andThierry Giamarchti.

Compared tab initio calculations, which are highly accurate but unfortunatglyhe
same time highly computationally demanding and thereby xith today’s available com-
puter power still limited to systems well below 100 atoms][8®B calculations are two or
three orders of magnitude faster[90] and therefore afpkcaven for large systems. The
TB simulations promise to be more accurate than heuristibods (e. g. the NFE model),
because the quantum mechanical nature of bonding betwems & preserved in the cal-
culation.

The TB method can be characterized by the following: The rhapleroximates the ex-
act eigenstates of the many-body Hamiltonian with a setfe€t¥ely one-particle Hamilto-
nians in an atomic orbital-like basis set and it replacesitaet Hamiltonian operator with
parameterized Hamilton matrix elemeriisi[90]. In genenally @ small number of tabulated
[91] basis functiongy) are used, corresponding to the atomic orbitals in the enengye
of interest. For the Ag(111) surface state which origindtes the outerss! electron of
silver with its electronic structure of [K€}i' 5s' only this orbital will be taken into account.
The eigenstate),,) of the system are then obtained by solving the statioSatyrodinger
equation, R

H |7;Z)a> = Eq |7;Z)a> . (3.27)

For our system of metallic Ag the eigenstates can be writtem Very localized base
[©2]:
()i (7)) oc e 77, (3.28)
with 7 as the position andk);) as the5s! electron eigenstate of th&® Ag atom. The
experimental findings can then be rationalized with theofelhg TB Hamiltonian:

Ho=—[t] Y 1) (5] + > Vi lhs) (@il + e, (3.29)

<i,j> i

8nstitut de Recherche Romand sur les Matériaux (IRRMA), EPF
%Institute of Theoretical Physics, EPFL
DPMC, University of Geneva
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Figure 3.19: (a)1 x [ unit cell used for the TB calculation. The Ce adatom interactly
with the three nearest Ag neighbors (dark spheres) (b): Bandture of the 2D system for
d = 3.2 nm. Dotted lines: folded dispersion of the unperturbed &leetron in the empty
lattice approximation; solid lines: TB calculation. (c)BTalculation of the spatial LDOS
at an energy 085 meV.

where the summations ¢, j > run over neighboring Ag sites. In the simulations, isotcopi
hopping integralg are used due to the spherical symmetry of 3k& orbital. The effect
of the Ce adatom on the electronic states of Ag is describatiédopn-site potential;. As
long as this potential decreases fast enough with the disttiom the Ce atom, the results
depend very little on the actual form of the potentiall [92¢r Bimplicity, we assume that
the Ce adatom stays in the middle of three neighboring Ag $itellow site) and that the
effect of the potential induced by the Ce adatom is very lo¢al= U for the three Ag
atoms closest to the Ce adatom in each unit cell,1gnd 0 elsewhere (see figuie3119 (a)).

The parameter§| and ¢p have been set t¢f| = 750 meV andey, = 4.437 eV to
reproduce the onset enerdyy = —63 meV [2€] and the effective masa* = 0.42my
[[73] of the unperturbed free-electron like surface stat¢hefclean Ag(111) surface (see
discussion in sectidn-3.1.1).

A calculation of the phase shift using a TB model for a singigurity on the Ag(111)
surface to reproduce the measured Friedel-like osciliatiof the electron density around
the adsorbate afr (see sectiofi3.].2) shows that the calculated phase sloifinsistent
with the experimentally observe®y = 0.377 for an on-site potentidlU| = 1.3 £ 0.2 eV
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in equation3.29. The first maximum of the LDOS &t emerges then at a distance of
d = 3.1 £0.2 nm [94] in excellent agreement to the measufed 3.2 nm (sectior-3.112).
For the calculation, 40 x 40 cluster of Ag atoms with one Ce adatom in the center and with
periodic boundary conditions was used. Additionally, isvessured that finite-size effects
in the calculation are negligible.

As a reference, we then calculate the band structure and LE¥3@ming a periodic
arrangement of the Ce adatoms. We look for the eigenstatgmels states of the form

gy = 3 a@)et [ Rp, ) (3.30)
7o Rom

whereR,, is the position of the unit cell containing tiié& Ag atom, and?; the position of
the Ag atom inside the cell, which leads té?a< I> matrix (: number of Ag atoms between
two Ce adadtoms) to diagonalize for each wave vektdthe resulting band structure for a
system with an adatom-adatom distance ef 3.2 nm, corresponding tb= 11, is plotted
in figure[3I® (b) with the same reciprocal basis vectors asngin equatioli-3.14 on page
B34.

Compared to the bandstructure of the calculation done itiosd8.3.1 using the NFE
model (see figure—3:18) the result is quite different. At tightsymmetry pointsX” and
M only the lower band is shifted towards lower energies, wthikeupper bands still lie on
the energy of the empty lattice approximation. This asynmimepening of an energy gap
at the reduced-zone boundaries leads to peaks in the DOS® thaad flattening according
to equatior3]2. These peaks are also reflected in LDOS, hhtdifferent amplitudes
depending on the site in the unit cell, similar to the resalitained with the NFE model.
States in the lower (filled) band are concentrated closeg@thadatoms, to take advantage
of the attractive potential there, while states in the ugeenpty) band are concentrated
at positions between the Ce adatoms (figurel3.19 (c)). Indi@Z0d the LDOS at the
center of a Ce triangle is compared to experiments. The lolgs is between-170 and
—120 meV, but its contribution to the LDOS calculated at that péénvery small. Apart
from the tunneling region below 100 mV, the agreement is remarkably good, especially
considering the fact that this is not a fit but a predictiorhaitt adjusting the microscopic
parameters of the model.

Using the same parameters in the TB Hamiltonian (equ&figl)3but adjusting the
sizel x [ of the supercell by taking fof the closest integer td/a with a« = 289 pm
(the distance between two Ag atoms), the shift of the enefdleofirst peak for different
superlattices is also very well reproduced by our TB catauta(see figuré3.21 (a)). This
shift varies linearly with the inverse aréa ' of the triangle formed by three adsorbates
with an adatom-adatom distandgso that the first peak is localized at an Energy

1
E = Ey + (620 £ 10)meV nn¥ x 5 (3.31)
This behavior can be easily understood within a model of cenfient in a 2D boX193]. A

triangle with perfectly reflecting walls would lead to a stopf ngﬂ = 726 meV x nm?
, while it is reduced in the Ce superlattices due to the theg@kahift during the scattering
process of the electron waves at the adatoms.

"The value can easily be obtained by assuming nodes in thefuvation on the border of the triangle as
boundary condition.
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di/dV [arb. units]

calc. LDOS

! | \ \ \
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Figure 3.20: TB calculation of the LDOS anrdd /dV measurement in the center of the
triangle formed by Ce adatoms with an adatom spacing-6f3.2 nm. The set point for the
measurement before opening the feedback loopWyas —109 mV and/; = 5 pA with a
modulation voltage o¥,,, = 2.5 mV. The calculation, in contrast to the measurement, does
not include the contribution of bulk states to the LDOS.

Additionally, the TB calculation allows us to understandythe superlattice has a
“natural” periodicity ofd = 3.2 nm. Indeed, the gap opening in the free Ag(111) band
structure which is induced by the Ce potential increasestingber of states below and
decreases their energy. Thus, we calculate the energy @htlest band,

Er
Eband = / E x n(E)dE (332)

for the clean and for the Ce covered surface. The differeet@den both gives directly the
contribution of the Ag surface state to the gain in energy@emadatom for each unit cell
sizel x [ (see figuré_3.21 (b)). We find that the most favorable configamacorresponds
to a Ce-Ce distance 8f2 nm, precisely the distance realized experimentally in mases.
The energy gain remains significant for Ce-Ce distancesdrrahged = 2.3 — 3.5 nm,
the distances found as a function of Ce adatom concentrafldns effect is analogous
to charge-density wave (CDW) formation in correlated syst¢94], but the potential that
stabilizes the CDW here is external (the Ce atoms) while seié-consistently induced by
correlations in a standard CDW. The optimal Ce-Ce distagecees with that predicted by
Hyldgaard and Persson[81], [85] as it was shown in secti@gn B.2. Note, however, that th
dramatic effects of the superlattice on the surface state ¢gpenings, LDOS singularities)
cannot be accounted for by the modelhbfldgaardand co-workers.

Finally, we have studied the effect of local disorder witkpect to perfect periodic
arrangement of Ce adatoms on the LDOS. To compare with tletrapebtained on different
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Figure 3.21: (a): Energy of the maximum of the first peak in ecjum measured in the
center of three Ce adatoms as a function of the inversetaréaf the triangle formed by the
Ce atoms (circles: measurements; triangles: TB calculatibhe increased error-bars in the
experimental data for smaller adatom-adatom distasiees due to the fact that compressed
lattices ¢ < 3.2 nm) spread the observed values (see als@figl 3.16). (b)giddference
AFE between adsorbate-covered and clean surface per Ce adatomated for each unit-
cell size. The solid line serves as a guide for the eye. Theapea marks the range of the
adatom-adatom distances where complete superlatticeafmmmwas found.

positions in a slightly disordered superlattice, as shawfigure[3:2P (a), we reproduced
the local environment around pointsand B inside a44 x 44 cluster of Ag atoms (figure
(b)), which was then repeated periodically to mininfinge-size effects.

To determine the degree of disorder in the local environmim self-correlation is
calculated as following

h(z,y) = Z Z I, y) x I(z' + 2,y + ), (3.33)
'y

where I(z,y) denotes the normalizegtheight of the STM image at the positiqa:, y).
For the results displayed in figure—3122 (d) we used for themsations a small arear{ €
[£0—"7.5 N, zo+7.5 nm|, v/ € [yo—7.5 M, yp+7.5 nm]) around the pointszJG‘(B),y(?(B))
where thedI/dV spectra were taken. Any periodicity in the image will be shcas a
periodic pattern, so that a perfect superlattice with nordier i(z,y) would repeat the
hexagonal order. As seen in figlire-3.22 (d) the ordering af@amt A is quite good up to
three lattice distances, while arouitla displacement of just two lattice distances smears
out the result of the self-correlation function, indicgtia much higher degree of disorder
compared to the neighborhood 4f

The influence of the disorder on thH /dV spectra is seen in figufe_3]22 (c). The
agreement between data and TB calculation is again very: gbod broadening and the
shift of the main peaks are correctly reproduced except famall shift in energy which
might be due to a small systematic error in the determinaifahe exact adatom positions,
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Figure 3.22: (a): STM image of a slightly disordered syst8mnm?), V- = —100 mV,

I = 10 pA. (b): The local arrangement of Ce adatoms in a mesilot 44 Ag-atoms
around the pointsA and B as used for the TB calculation. (c): Spectra obtained at the
marked pointsA and B which differ by their nearest neighbor distances. The charg
peak position, intensity, and shape indicate the sertsitdfithe electronic structure to local
disorder. Dashed lines: TB calculation. For clarity thevesrhave been superimposed and
curvesB have been shifted vertically. (d): Self-correlation imagéthe area around and

B show that the region aroundl has a higher degree of order than the region aradnd
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Figure 3.23: Spectra measured on Ce adatoms adsorbed ohlAg(a), (b): Two repre-
sentative spectra obtained on top of Ce adatoms arrangetidragonal superlattice with
an adatom-adatom spacing ®f= 3.2 nm. A mostly symmetrical dip with respect oy
occurs with a half-width of® ~ 70 meV. (c) Data taken from referende [95] (see text).
(d): Spectrum taken on top of a dimer in the superlattice witich smaller half-width of

I' = 40 meV. The inset in each graph denotes the base tempef&tihe modulation am-
plitude V,,,, and the parameters of the best-fit using Ba@o equationj—é o ey +c

1+€2
[96], with ¢’ := <Z=< (full line) (see also chapt€Z.1.1 on pdge 51).

as well as the position of the second peak at point A and itsradgsat point B. Remarkably,
the shifts of the main peaks agree with equalion]3.32 andef@#l (a) ifd denotes the
average distance between the 3 Ce adatoms in the triangttige Ithat enclose the point
A and B, respectively. Additionally, the absence of the seconk jir@aB can be assigned
to the higher degree of disorder. As seen in the TB band stictalculation (Figure
B9 (¢)), the second peak at ab@0t meV is due to the flat band whose origin is in the
second Brillouin zone. While the second closest adatomhbeig in B already show a
sufficient amount of disorder, this band is already smeattéuod therefore the formation
of this peak is suppressed.

Directly over Ce adatoms the TB model predicts the onset efltlvest band near
—170 meV and a band edge nearl20 meV (figure[3IP (c)), while thel/dV spectra
taken on top of the Ce adatoms and displayed in figurd 3.23n¢h)g@ show a relatively
wide depression in the LDOS of abot1% amplitude symmetrically arounf, but not
the expected contribution of the first band. On measurentakes in the slightly expanded
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lattice withd = 3.5 nm a faint signal can be detectede®i, ~ —100 mV which might be
due to this band (see figure 3114 &nd 8.15). The weaknessemabsf contributions of this
band can be understood by recalling that the tip is appraeinaoo pm (i. e. the apparent
height of one Ce adatom) further distant from the Ag(111ja=gr when placed above an
adatom. Thus, the contribution of the disturbed surfacte stathe tunneling current is
reduced (see chapter2i3.4).

3.4 Summary and Outlook

In this summary | would like to point out again that the chosgstem of Ce adatoms
on Ag(111) is a highly interesting testbed to check theoattpredictions with real ex-
periments, as shown in the previous sections. However, gpestions still remain and
additional experiments might reveal further insight irdedinating physics.

Due to the surface-state-mediated interactions betweerCthadatoms, a relatively
wide 2D superlattice is created, leaving us the excitingooipmity to measure the distribu-
tion of electronic states directly inside the lattice. Wedhaeen that the density of states
varies depending on the site in the superlattice, and th&f-athe LDOS vanishes and in-
stead a gap occurs that is essential for lattice stabilitgs€ results are surprising given the
discussion at the beginning of the experimental obsematizhere a scattering model was
introduced (sectio’3.2) that assumes electrons at thei léege are an important factor for
the interatomic interaction. But as mentioned, when thedattice is finally created, there
are no surface-state electrons at the Fermi energy thal peuform this interaction.

Additionally, the spectra obtained on top of the Ce adataad to questions. As seen
in figure[3.ZB, the spectra (a) and (b) which were measurdikisuperlattice are relatively
broad, especially when compared to the spectrum (c) whichpualished in[[95] and as-
signed to &ondoresonance due to spin-flip processes during the scattefriglgairons on
the Ce adatom (see chapfer4l.1.1). The resultin [95] is isimgrbecause the experiments
were performed at a base temperaturd of 5 K where the motion of single Ce atoms in-
hibits spectroscopic measurements. Thus, these measusemight have been performed
on dimers or small clusters which are stablg Ktand show a smaller width in the spectrum
(figure[3ZB (d)).

Although the electronic structure of the Cerium was notmakéo account in this chap-
ter, the interaction between the highly localizéfi-state of Ce[[97] and bulk or surface
states electrons may not be negligible and could indeedtteadectral features similar to
the one presented N [B5]. This will be discussed in detachiapte¥.

As already mentioned (see footndfle 5 on phde 39) the magmetiaent of the4 f-
electron leads to an additional degree of freedom which eeted to lead to adatom-
adatom interactions between the magnetic moments, thdled Baiderman-Kittel-Kasuya-
Yosida(RKKY) exchange interactiori [98,99, 100] which has in 2D aqicity of A /2
[101,[102)10B] and a/r2 behavior, similar as the discussed adatom-adatom intemnact
induced by electron scattering.

This kind of ordered 2D superlattice with interacting magneoments could lead to
interesting features including antiferromagnetic ordsdl auperconductivity [104] or to a
so calledkondolattice [10%].

The Ce/Ag(111) system might not be the best choice for thid kif investigation be-
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Figure 3.24: STM image of hexagonal ordered Ce adatoms ohlQCupbtained at a base
temperature 03.3 K (Vr = 1V, I = 3 pA, 36 x 22 nm?). The average adatom-adatom dis-
tance isd =~ 1.5 nm. This is shorter then for Ag(111) due to the shorter Fexaielength,
Ar = 27/kr = 3.0 nm [/8], of the surface state. The two bright objects on tffiealed
right side of the atomic step which runs vertically throuh image are unknown adatoms
or small Ce cluster. The fuzzy appearance of the adatomsisoduoppings between adja-
cent lattice sites of the underlying Cu(111) surface evdovatemperature.

cause of the relatively large adatom-adatom distance andrttaller magnetic interaction
energy. Thus, we have additionally examined the superattirmation of Ce adatoms on
Cu(111) with its smaller wavelength of the surface-statbefermi energy akz = 3.0 nm
[75]. As one would expect from the above-developed modeésatiatom spacing in the su-
perlattice is clearly smaller as seen in figlire B.24. We foamdverage adatom-adatom
distance ofl ~ 1.5 nm, compatible with a scattering phase shifdgt 0.27. Asthe STM
image reveals, the degree of order is high compared to theu@erlattice on Ag(111),
which can be understood by the linearity between the pagraction energy~,,;, and the
surface-state onset enerf@ll (see equation3.5), which for Cu(111) liesfaf ~ —0.40 eV
[I79].
Unfortunately, the mobility of Ce adatoms on Cu(111) is ekigher than on Ag(111),
so that it was impossible to perform spectroscopic measemesin the superlattice even at
the lowest attainable base temperature of the STM of 3.3 K, but it could be an attractive
system for STM measurements at temperatiires 1 K, where the hopping rate should be
sufficiently reduced.

Additionally, other systems, for example Fe/Cu(111)[166Mn/Cu(111) [10F] may
be good candidates for the detection of spin-polarizedasarktate-mediated interactions
between the magnetic moments of the adatoms.
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Creating a superlattice of Ce adatoms on Ag(111)



Chapter 4

Spectroscopy on single Ce atoms

4.1 Introduction

With the unique potential to obtain spectroscopic resuithe atomic scale, the STM opens
an avenue to detailed informations about processes amdgtitns between single atoms
or molecules and the supporting surface.

While the last chapter has discussed the interaction baetaeensemble of sufficiently
mobile adatoms which was moderated by the free-electrensiikface state and eventally
led to the formation of ordered hexagonal structures ansl #filowed to measure the influ-
ence of a superlattice on the surface state, this chaptedigdluss spectroscopic measure-
ments performend directly on Ce adatoms.

Effects like vibrational excitations and tik@ndoscattering generate clearly detectable
structures indI /dV measurements which will be the subject of a detailed armlyss it
will be shown, the determination of the physical origin of thetected features in the spectra
is not allways obvious.

4.1.1 The Kondo effect

While the electrical resistance of pure metals usuallyelses with decreasing temperature
because the resistivity is mainly an effect of electrontsciag on lattice vibrations which
are evidently lowered at decreased temperature, it waadlrdiscovered in the 1930’ that
in some metals which have some magnetic impurities incatpdr the electrical resistivity
increases below a certain temperature (see figufe 1.1). fidia of this effect was long-
time unsolved and only in 1964 theoretically explainedlbitondo[6), [108&].

He showed that the experimental observations can be sufficienderstood when con-
sidering a model including the scattering from the magrietjgurities which interact with
the spins of the conduction electrons of the host metal (geeefiZ1). This behavior is
nowadays called “the Kondo effect” and only arises when #feats are magnetic, mean-
ing that the total spin of all electrons of the impurity at@mnequal to zero.

A very intuitive model to describe a single magnetic impugatmbedded in a nonmag-
netic metallic host was given by. W. Andersorfl09]. The so called “Anderson single
impurity model” neglects all electronic states of the imfuexcept the unpaired one with
spin|%|. This localized state might be originating frond ar f level of the magnetic impu-
rity assuming that the impurity is a transition metal as faaraple cobalt (Co) with its odd
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Figure 4.1: Kondo scattering on a single magnetic impur{®): At sufficient low tem-
peratures an electro{m? l> of the host metal can be scattered at the impurity into the new

state|k’ by spin-exchange with the spin moment of the magnetic atoimlé/ih (a) the
dynamic of the spin-flip process is shown, the snapshot isgiches the effect of this per-
manent flipping. The magnetic moment of the impurity is scegeover the characteristic
Kondo screening lengthy .

number of3d electrons (electronic configuratiohAr]3d”4s%) or a rare earth metal as for
example cerium (Ce) with its singlef electron (electronic configuratiofiXe]4 f15d'65s2).

In this chapter we are mainly interested in effects arismgfinteractions between Ce
adatoms and the supporting metallic host. Thus, for the s&ienplicity, we will describe
the presented model in terms of the magnéficelectron of the Ce atom.

The singly occupied f state ¢ f!) is located below the Fermi energyeatand separated
by the Coulomb repulsion enerdy from the samelf state occupied with two electrons
with opposite spins4(f?) as sketched in figule4.3 (a)). Due to the hybridization leetw
the 4f states and the continuum of electronic states in the mett| tiee4 f levels are
broadened b\ = pg |V|2 with py as the DOS aFEr of the supporting metal and as the
hybridization energy which couples the localized statdnwhie continuum of band states.

Exchange processes can take place which flip the spin of therity from the “up” to
the “down” state, or vice versa, as it is schematically showfigure[41 (a), while simul-
taneously a spin-excitation state close to the Fermi enierggeated. While classically an
energy of at least-¢ is necessary to bring the electron from the singly occupigidstate
to an empty state in the metal At, in the quantum mechanical framework the Heisen-
berg uncertainly principle allows for a very short time obabh/|e | this excitation [ TT1].
Within this timescale of some attosecond§7T'® s), another electron has to tunnel from
the occupied Fermi sea back to the impurity. This electromdver, can be in the opposite
spin state as the previous one and thus, change the spin iofiplieity between initial and
final state of this scattering process.

This spin exchange modifies the energy spectrum of the sysfaking many of such
processes together, a new state, the so-called Kondo resoisgenerated very close to
the Fermi energy (see figure ¥.2). This resonance is cleamaray-body phenomenon —
the many-electrons of the free electron gas are decisiveeimteraction with the localized
state of the impurity.

The Kondo resonance has a half-width at half-maximurky,ofthich can be described
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Figure 4.2: Simulation of the f spectral functiondy(w) of a single magnetic impurity of
cerium. The singly occupietif! state lies below the Fermi energyeatand is broadened by
A due to hybridization with the conduction electron gas ofitbst. The Coulomb repulsion
U separates the unoccupidd? state from thelf! state. The Kondo resonance occurs at
approximatelyE'r and has a half-width at half-maximum éTx. Used parameters for
the calculation aftel [110kr = —2eV,U =5 eV, andA = 0.34 eV.

by a characteristic temperature, the so-called Kondo testyre T,

T K
T = —~1'x11.6—— 4.1
K kp x meV’ (4.1)

and is calculated by the parameters of the systein td [112]:

+ ! -
€f+U

While the Kondo effect and the theoretical explanation am@¥n since a long time and
have been experimentally obtained by high-resolution geroission electron spectroscopy
[113,[114] and inverse photoemission [1115,]1116], it was iB81@&hen the Kondo effect was
detected on single adatoms with STIMI[95,1117] and renewethteeest. While previously
performed measurements always probed an ensemble of tieputie to the limited reso-
lution, STM gave the unique opportunity to detect the Konffiect in the entirely smallest
conceivable Kondo system: A single magnetic adatom supganm top of a nonmagnetic
metal.

Usually, STS measurements do not detect the peak in therapfertction close taFr
which originates from the Kondo effect, but rather a digligtructure as it is shown in
figured4.b anf 416 for measurements on single cobalt adaiomg(100) and Cu(111).

1

U T
I'=kpTkg ~ \/2A;exp [—ﬁ < —

€f

(4.2)
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Figure 4.3: (a): Schematic drawing of the energy depend@ i the experimental situ-
ation of a single Ce adatom on a Ag(100) surface. (b): Elastfcom the probing tip can
tunnel directly into empty states of the Ag(100) bulk andsmmwe their spin state (1) or
indirect via a spin-flip process on the magnetic adatorn+42h).

To understand this behavior, we want to consider a situatsooutlined in figur&4]3. A
magnetic adatom (Ce) is placed on top of a metal surface i§rettample Ag(100)). The
occupiedi f! state is localized below and separated 4y from the4 f2 state as described
in figure[£2. Electrons originating from the tip have two gibgities to tunnel into the
sample system. They can tunnel directly into empty bulkestatboveE of the metal
sample (path 1) or indirectly via the above described sfjngilocess into the hybridized
and localized state of the magnetic adatom (path 2). Thesdifferent paths are chosen
by the tunneling electrons with the probabilities given by tunneling matrix elements
andi for the direct and indirect path, respectively. As a regtk, tunneling current as a
coherent quantum effect is determined by the quantum eremte between both channels
[L18].

It was shown byU. Fanothat such an interference process leads to a spectral éeatur
given by the so-called Fano equatibnl[96]:

2
2
14+ <E_FEK)27

where E is the position and” is the half-width at half-maximum of the obtained curve.
The lineshape of the curve described by equafioh 4.3 isdated by the parameter
which results foly — oo in a Lorentzian peak and fgr= 0 in a Lorentzian dip. For some
arbitrary values of; the resulting curves are plotted in figlirel4.4.

For the tunneling processes (1) and (2a)+(2b) as sketchédure[43 (b), the form

p(E) o po + (4.3)
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Figure 4.4: Set of curves calculated with the Fano equéfi@riot differentq values.

factorq is given by the ratio between the direct and the indirect éling process [118],

lo

q= Vi (4.4)

While the4 f orbitals are closely localized at the nucleus of the adai@n, the tun-
neling propabilityt, for the indirect path is strongly reduced compared to thdaidity
t; to tunnel directly into the more extendedandp-orbitals of the host metal [19]. Thus,
we expect for measurements on Ce valueg dbse to zero. This argument holds, up to a
certain degree, also for ttiel states of the transition metals as it is seen, for example, in
dI/dV measurements on single Co adatoms supported on a Ag(10Q)dtQ surface as
presented in the figur€s#.5 dndl4.6 with show form factogs-60.6 and0.5, respectivelﬂ

In general, the analysis of a Kondo system in STS measurerigedifficult. For exam-
ple, the parameters of the Fano fit for the Co/Ag(100) and GIAL) system were found
to be different from values available in the literaturel [899,[120]. The main problem
is the impossibility to detect the localizelf or 3d levels directly with STS. Thus one is
restricted to the analysis of the Kondo resonance clogg-toUnfortunately, the resonance
signal has rarely a well formed Fano line-shape and the figoaton[43B to the obtained
data results in different parameter sets depending on theresd background and energy
window of the data taken into account for the fit (see for exartige fitting to the data taken
on Co/Cu(111) in ([119]).

*An exception from normally smalj values was recently obtained in STS measurements perfoomed
single Mn atoms supported on an ultrathin,®k layer on a NiAl(110) surface [40]. When the coupling
between the magnetic adatom and the metallic host is gtilhgtenough to allow Kondo scattering, but the
oxide layer inhibits sufficiently the direct path, a Kondakeés obtained.



56 Spectroscopy on single Ce atoms

751 Pt-Ir

bare Ag(100)
Ag(100)

N
o
T

dl/dV [arb. units]
()]
(6]
T

Co/Ag(100)

o
o
T

O Co 4

L | L L | L L | L L
40 -30 -20 -10 0 10 20 30 40

55

tunneling voltage V. [mV]

Figure 4.5: Kondo resonance detected on a single Co adatohg@®0) (upper curve) in
comparison to the spectrum of the bare Ag(100) (lower cumBe}h curves were measured
with a Ptlir tip. The red curve is a Fano fit to the black curvehwiite best fit parameters of
qg = 0.60 £0.05, =8+ 1meV, andEx = 3 + 2 meV . Tunneling parameters before
opening the feed-back loopir = —46 mV, I = 0.5nA, V,, =1 mV,T = 4.7 K.
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Figure 4.6: Kondo resonance measured at the IBM lab in Galdmn a single Co adatom
on Cu(111) (black curve) with an Ir tip and the correspondtago fit (red curve). Tun-
neling parameters before opening the feed-back loBp: = —20 mV, Iy = 0.5 nA,
Vin = 0.28 mV at a base temperature 6f= 1.2 K. The parameters of the fit are given in
the figure.
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In the analysis of the Kondo resonance, one important paeariethe average occu-
pation numbem ; for the4f states of the adsorbate on the surface[112] 110]. While the
adatom has an integer number3afor 4 f electrons in the gas phase which is given by the
nuclear charge and the position in the periodic table, tiaoaa on top of a surface can ex-
change charge leading to a higher average occupation numtiex3d or 4 f shell. It was
shown, that the position of the Kondo resonance togethdr igitwidth fulfill the relation
[I12]:

Ex = Ttan (gu - nf)> . (4.5)

The average occupation numbey has the meaning of an extra charge which is trans-
ported from the host metal to the impurity and ranges betvée@md 1 as long as the f!
level is below and the f? level is above the Fermi energyr. Furthermore, assuming a
relatively small hybridization energy compared to the lerergies, i. e.:

A< ler], AL e +U, (4.6)

the average occupation number is calculated by the posifitre4 f! state and the Coulomb
repulsionU [110]: .
€f
nf——U-i-i. (4.7)

It was shown that the charge transfer, and thus the Kondodeatyre (according to
equationd_417 and_4.2) can be monitored by STM. The Kondo eestyre changes with
the number of available next neighbors from the supportiurfpse. An adatom has four
next neighbors available for hybridization on (100) suea¢assuming the adatom sits in
a hollow-site position), while the next neighbor numberdduced to three on top of the
(111) surface]120]. Also the number of ligands, as for exar®, bound to the magnetic
adatom influences the coupling of the local magnetic moméhttive metallic surface and
thus the Kondo temperature [121]. Additionally, metalaigz complexes are interesting
objects to study because they permit to change the Kondogiextype of the magnetic atom
in the center of the complex by a controlled removing of endéhydrogen atom$ [122].

As long as the assumptions in equafiod 4.6 are fulfilled, bove outlined model is suf-
ficient to describe the Kondo effect for a wide range of ddfdradatom-substrate systems.
This is in contrast to the still ongoing theoretical dis¢osd123,[124[125] to explain the
STS spectra on strongly hybridized adatoms as for exammadNi [126 [ 12/7]. In these,
and similar systems the full impurity Green'’s functiof ;(w) [112]

Gd,f(w) = u)_gﬁ, ]w\ g TK,T = 07 (48)
has to be used together with the telfiGy f(w) = T¢.(w) which is the T-matrix of the
conduction electrons, as it follows from the Anderson Hamniain [110]. The complex line
shape observed in tunneling experiments on Ti/Au(111) ambT100) [126 [127] is then
due to the multiple Kondo resonances arising from the ckyistia split local orbitals of the
transition metal impurity[[12%, 128] and can be calculatethg equatiofi 418 in the Dyson
equation

Ga f(w) = G (W) + Gg ¢ (@) Te(w) GG 4 (w). (4.9)

Finally, one has to remark that the dynamical spin-flip befnvthe localized magnetic
adatom and the electrons of the Fermi sea leads to spinigealaelectron waves (spin
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waves) in the supporting metal (see figrd 4.1 (0))[129]. direacteristic length scale, the
so-called Kondo screening lengflx, in which the impurity spin is antiferromagnetically
screened, is given b/ [112]:

hvg

=-F 4.10

§k

with vp = %ff the Fermi velocity of the electrons in the host. For typicatats as Ag

and Cu withvr =~ 10° ms~! [78], and Kondo temperatures which range frofn— 100 K
for adsorbates as for example Gg; becomes with 00 — 10 nm relatively large. Thus, it
is indeed possible that interactions between well ordeirgglesadatoms, as for example in
superlattices (see chapfdr 3), lead to the creation of a &dattice in which the spin-flip
between individual adatoms is correlated.

4.2 CeonAg(110)

While cerium adatoms form hexagonal superlattices on thd B9 and Cu(111) surface
at low temperatures (see chapfér 3), we do not expect suchdaned formation on the
Ag(110) surface due to the absence of a surface state. Tosiagdapproximately.1% of a
monolayer of Ce adatoms from a thoroughly degassed tunfilsterent onto a well-cleaned
Ag(110) surface results indeed in a random distributionhef €e adatoms. In contrast to
the high mobility of the Ce adatoms on Ag(111) at a base teatpey of ' = 4.7 K (see
chapteZ3R), we detect immobile single Ce adatoms at thgteeature when adsorbed on
Ag(110). dI/dV spectra taken on top of these Ce adatoms reveal no diffecmmpared
to spectra taken on the clean Ag(110) surface. In particslardo not observe a Fano-like
spectral feature close to the Fermi energy which would bgraai the Kondo effect. The
detection of a Fano dip in STS measurements is limited by #se bemperature and the
modulation voltage (chapt€rZ.B.2) and results for our STM lower detection limit of a
Kondo temperature dfx = 10 K, i. e. a Fano dip with a half-width at half-maximum of
I'~1meV.

Apart from the absence of Kondo scattering, we detect a fgactdon the surface
1% of the adsorbates) which appear “fuzzy” in the STM image asvshin figure[4y. The
apparent height of these objects is larger220 pm) than the height of single Ce adatoms
(= 140 pm) when measured at a tunneling voltagelsf = —412 mV. Spectroscopic
measurements taken on top of these objects reveal feayymanedrically toEr. Figure
B8 shows a typical spectrum obtained on such an unstabéetobhe bluel (V') curve
has clearly detectable voltage regions at abho8%5 mV where the differential resistance
becomes negative. The numerically calculatdddV curve (red dots and line) reveals
additional spectral features. We detect a dip symmetyieatbundEr with a half-width at
half-maximum ofx 12 meV. At slightly higher absolute tunneling voltagé{~ +50 mV),
a decrease in the conductivity of ab@0t— 35% is seen while the already in tH¢V') curve
visible feature at a voltage df; ~ +85 mV dominates the spectrum and is identified as
the result of an inelastic tunneling process with satunagee chaptdr2.3.3) which can be
successfully described with equation2.30 of pade 17 (Hiaek).

The symmetry, the step like change in conductivity at emesrgif aboutl2 meV and
50 meV, and the negative differential conductivityedt, = +85 meV let us assume that the
detected structures belong to complex vibrational exoitatof an unknown co-adsorbate
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Figure 4.7: STM image of Ce adsorbates on Ag(110) observél avPtlr tip. (7 =
—412 mV, I = 200 pA, T = 4.7 K, image sizet x 4 nm?). The object in the lower right
area is a typical single Ce adsorbate in contrast to the hbiestdject in the upper left area
which reveals complex spectral features in STS measurament

originating from contaminations of the surface during the évaporation process. Even
though the exact chemical structure of this contaminatamrmt be clarified with STM, the
vibrational excitation energies give a hint of the possiblglecules. The ambiguous noise
(figure[4T) and the strong negative differential resistapaint to a hydrogen contamina-
tion. Recently, it was found that hydrogen on Cu (111) showsde variety of different
vibrational resonances and two-state noise that leadsstahie tunneling conditions simi-
lar to our observation in figufe4.[7143]. Furthermore, defden on the supporting substrate
single carbon monoxide (CO) molecules show well known attarsstic vibrational reso-
nances at energies close to the energies of the spectrodeapires in ourl /dV curves
[86,[37 /130, 131]. For instance, in high resolution elettoergy-loss spectroscopy on CO
molecules adsorbed on a W(100) surface molecular vibrmtiawe been found at energies
of 45 meV, and70 — 80 meV [132]. But while STS measurements on CO shiow [36] 133]
the characteristic C—O stretching mode at an energy of aliouneV, we do not detect any
significant signal at this energy.

4.3 Ce on Ag(100)

As shown, the Kondo effect is not detectable in the spectrasomed on top of single Ce
adatoms supported on Ag(110), while the same experimefdrpsed on an Ag(100) sur-
face reveals intriguing results.

Figure[4® shows two different STM images of single Ce adatomAg(100) measured
at low temperaturel{l = 4.7 K) and exemplarily chosen from different measurement ses-
sions. In the left image, the sample was measured at a miatigh positive tunneling
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Figure 4.8: IETS spectrum obtained on top of the fuzzy objettte upper part of figule4.7.
Thick line (blue): I(V') curve; Circles and thin line (red): numerically calculatétf dV’
signal using thd (V') data. Black lines: A least square fit to #i&/dV" data using equation
of pag€d7 results iA = 7.61 nA, B = 1.35 nA, T" = 21 meV, E; = 85.2 meV.

voltage of; = 0.5 V with a Ce adatom concentration of ab@u®07 monolayers (ML).
Two different species of adsorbates are clearly distirgbfe. Aboui85% appear as pro-
trusions of abou230 + 10 pm apparent height (reddish yellow dots in the image), wéile
minority of about15% have a reduced apparent height of ofy+ 10 pm (violet dots in
the image). The right image of figure .9 was measured onerdiff sample at a tunneling
voltage ofV = —90 meV and also shows two species of adsorbates which diffeinddy t
behavior when scanned by the tip. While abéff; of the objects on the surface are stable,
about40% are switching between an initial large apparent height toallgr one detectable
by their “fuzziness” during the horizontal tip scan.

The STMimage in figure4:10 (a) shows a close-up of such amblesobject. Recorded
in constant-current modé/{- = —80 mV, I = 500 pA) by scanning horizontally line-by-
line from bottom to top, the image reveals several revezdifainsitions of the object from a
large apparent size to a small one and vice versa. The analiygiis transition shows that
the appearance depends on the applied tunneling voltagedetip and sample. At low
absolute tunneling voltagel(r| < 60 mV) the bistable adsorbates remain in their initial
large appearance, while they switch to the small appeanahee applying a voltage above
a certain threshold. Interestingly enough, the bistabodzhte stays in the small appear-
ance when switched even at reduced absolute tunnelingyeoltatil the tip is sufficiently
(=~ 0.5 — 1 nm) laterally removed from the switching object. Thd$/dV spectra can be
obtained from the adsorbate in both states revealing a kalar change of the measured
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Figure 4.9: Two overview STM images of Ce adsorbates on AQ)(bbserved at a base
temperature of.7 K. Left image: 66 x 66 nm?, Vo = 0.5V, Ir = 0.5 nA; Right image:
20 x 20 nn?, Vpr = —90 mV, Iy = 51 pA.

dI/dV spectrum.

Figure[4.ID (b) compares thi /dV spectra obtained on top of the adsorbate of figure
K10 (a) in its small (red dots) and in its large manifestafigreen dots). The spectrum
of the adsorbate in the initial large position is featurelasd almost flat in contrast to
the spectrum of the same adsorbate when switched to smathwbveals a decrease in
the LDOS of abouR0% aroundEr. The obtained dip is slightly asymmetric and can be
successfully described by the Fano equdfioh 4.3 as seea laakt-square fit (blue curve).
The Kondo temperature obtained from the fifig = 48 + 3 K. Surprisingly, the shape of
the curve leads to a smailkgativeform factor of¢ = —0.12 + 0.05.

The voltage dependent switching behavior is plotted inidetéigure[.I1. Herez(Vr)
curves are shown which were recorded on top of a switchingradte in constant-current
mode, i. e., with closed feedback loop. Starting’/at= —40 mV where the bistable object
is in its large configuration, the absolute value of the tlingevoltage was increased until
—153 mV, the end of each measurement. The curves show at a speadlifige (marked
at each curve in red) a sudden jump in the tip height origigafrom the transition of
the adsorbate to its small appearance. While ed&h curve is the average of abou$
measurements and the transition does not always occur raicaletunneling voltage, a
steplike structure is seen especially in the measuremeht at 500 pA. Comparing the
average transition voltage for different tunneling cutseresults in an almost logarithmic
dependence as shown in the inset. While the tip-samplendistdepends logarithmically
on the tunneling current (see equatfonl 2.5), we can condhaethe transition voltage
mainly depends on the tip-sample separation. Furthermmggajote that the switching is
independent of the applied polarizationlgf, i. e. tunneling voltages below —90 mV as
well as abovex +90 mV change the state of the adsorbate from large to small aqpe=a

Comparing the data of the adsorbates on different Ag(10@)pka preparations with
varying low Ce coverages<{(0.01 ML) and different Ptlr tips, we always detect the above
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Figure 4.10: Left: STM topography of a two-state object rded atV; = —80 mV,

I = 500 pA. Image size2.3 x 3.3 nm?. Right: ThedI/dV spectrum obtained on top of
the bistable object in large appearance shows no chatiieigature (green dots), while
the spectrum taken on the same object in small appearansymmeetric dip aroundz is
detected (red dot). A least-square Fano-fit (blue line)ltesuthe following parameter set:
Ex =0.9+0.1meV,I' =4.24+0.3 meV,Tx = 48+3K, ¢ = —0.124+0.05. Experimental
settings:T' = 4.7 K, V,,, = 1 meV, I = 500 pA.

described behavior. Betweén- 50% of all adsorbates are bistable and reveal a dip around
Er in spectroscopic measurements when switched to the snelteqt size. Additionally,
results measured at a reduced base temperatue® Kfby pumping on the He batl [79]
are identical. A height analysis of abdt0 stable and bistable adsorbated show a small
difference between the extent in thelirection of the stablez(height: 230 4+ 10 pm) and of
the large state of the switching adsorbatebdight: 210 + 10 pm).

To this end, the observations are reminiscent oftthe transition of metallic cerium.
It is well known, that the electronic and magnetic propsrté Ce show extreme variations
with temperature and pressure which is unique among elainguitds [116]. At ambient
conditions, solid Ce is in the-phase with a magnetic susceptibility pf~ 4.8 x 1073
and a Kondo temperature &7k ~ 10 meV [134, 13!5E At high pressure or low tem-
perature they-phase collapses into thephase with an isostructufavolume reduction of
up to17% (figure[4I2)[13I7]. Cerium in tha-phase looses almost its magnetic properties
and has a much smaller magnetic susceptibility of 0.4 x 10~3. Additionally, a-Ce has

2In this thesis Sl units are continuously used. Thus, theafrtihe magnetic susceptibility is converted
from the cgs-system as still used in several publicatiork thie conversion factort == = 4m x 10‘6;‘;—; R
0.60 (for ~-Ce) [136].

3Isostructural transition means that the crystal strudtutmth phases remains fcc.
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Figure 4.11: The switching of the bistable object analyzgdimping the tunneling voltage
Vr at constant currentr and recording:(Vr). Depending on the applied curreft, the
switching voltage from the large appearance to the smakafmce occurs at almost the
same voltage. The stairway-like steps, especially infthe= 500 pA curve, are due to an
averaging over abouts curves with occasionally large variations of the transitimltage.

an increased Kondo temperaturekgfTx ~ 200 — 250 meV [139], more than an order of
magnitude higher than of Ce in thephase. Extensive experimental and theoretical investi-
gations have shown that these phenomena are caused bydineretecorrelations resulting
from coupling of the localized f states to delocalized band stafes [140] 147),[142 135, 143]
which is reflected in the exceptional change of the Kondo satpre. During this transi-
tion, the occupancy of th¢-level n; changes only slightly while the hybridization with
the s — p band changes by a factor of about two [135] which influencesitndo temper-
ature exponentially (see equatibnl4.2). Furthermore, areasents using high-resolution
photoemission electron spectroscopy (PES) on ultrathidagers show reduced Kondo
temperatures okgTx ~ 5 meV andkgTx ~ 26 meV for y-Ce anda-Ce, respectively
[113,[114].

The strong reduction of the Kondo temperature in thin layerd on single atoms is
observed in all Kondo systems. For instance, single Co atasupported on noble metal
surfaces reveal a Kondo temperaturel@f = 30 — 100 K in STS [120] (see also figures
E3 and’Z6) much lower than the bulk Kondo temperaturé&pf~ 1000 K [29] due to
the subsequently reduction of the number of available f@ighin dimensionally reduced
systems which leads to a decrease of hybridization of thenatagimpurity with the bulk
electronic system of the supporting crysfal[l144].
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Figure 4.12: Left: The — T phase diagram of solid cerium taken from[1L38]. Fhe «
transition appears at temperatures betow 90 K at low pressure, or at high pressures at
ambient temperatures. Right: Along with a change in the ratiggusceptibility, the lattice
constantu of the crystall changes drastically during the- « transition [137].

With these considerations, the observed drastic chandeeilsgectrum on top on the
bistable adsorbates might be the counterpart ofithe transition in bulk Ce on the single
atomic scale. The tip-controlled apparent Ce height récliadf about50% can be ra-
tionalized by considering low-energy electron diffracti EED) and STM investigations
of the valence transition induced surface reconstructfo8m(0001) [145[ 146] which is
associated with 82% expansion of the atomic radius for the top monolayer surfawwe
atoms due to the transfer of a valence electron tatfhshell which effectively shields the
Coulomb attraction of the nucleus. Assuming thé level of the Ce adatom at an energy
of e; ~ —2 eV and a Coulomb repulsion &f ~ 5 eV (see figur&Z412) 113, 114,143], the
Kondo temperature can be plotted versus the hybridizalarsing equatiof 412 as shown
in figure[4IB. The occupancy is given by equafiod 4.7 fo= 0.9, in good agreement
to earlier measurements enCe ofn,y = 0.88 [113,[114], and the calculated value using
the parameters of the fit in figufe 4110 and equafiah 4,6+ 0.89 £ 0.05). Changes of
ny caused by the transition are neglected in this simulatiohe Kondo temperature of
kpTk ~ 4.2 meV as observed in the small appearant state of the Ce adatoompatible
to A =~ 0.34 eV. Becausey-Ce is weaker hybridized tham-Ce, the corresponding Kondo
temperature is below the instrumental resolution, in agese with the featurelessl /dV
spectrum on top of the bistable adsorbates in the large state

Even though the above outlined explanation is reasonalgbeptiain the observed height
and spectroscopic differences between both states of thehsvle adsorbate, several ques-
tions remain open and can lead to an alternative explanefitre observations.

In all experiments, we found only a certain amount of bistaddisorbatess(— 50%),
while the remaining are unchangeable. Furthermore, we walgleeto transform bistable
adsorbates into stable and vice versa by applying shorg®lpulses to the adsorbates as
shown in figuré€Z.7114. But while the transformation vehsayspossible from the unstable to
the stable configuration, the backward direction was hiedlefter several switching events.
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Figure 4.13: Simulation of the Kondo temperat(tg for variable4f level-broadeningA
using equatiof4]2 with fixed values for= 5 eV, ander = —2 eV (see figur€412). Arrows
mark the Kondo temperatures of anda-Ce measured on thin films. In this framework the
measured Kondo temperature®f = 48 K for a-Ce (figurel410) would lead to a broad-
ening of A = 0.34 eV, while the Kondo temperature farCe is below the spectroscopic
resolution (yellow area).

Additionally, we found strong evidence of having co-adsafbontaminations in several
images. It is known that CO molecules and single H adsorbatemetal surfaces are
detected in STM images rather as depressions than as poosU347 /148, 149]. Similar
depressions were often found in the STM images close to gtalid adsorbate as it can be
seen in figur€Z4.14 below the adsorbate.

Furthermore, clusters were found on the surface which felisinct spectra which
are the result of inelastic tunneling processes, as shoigure[£I5. Here, the spectra
reveal a steplike increase (curves (a) and (b)) or decraasge( (c)) in the differential
conductancell /dV at an energy ofeVr| ~ 18 meV. The curves differ by the setpoint
current and therefore by the nominal tunneling resistaRigdefore opening the feedback
loop and obtaining the data. The ratio between the condtycf the ground stater,
and the excited state., (see chaptei 2.3.3) changes almost logarithmically as ishiow
figure[4I5 (d). The origin of the vibrational mode at an ext@in energy ofz 18 meV is
unknown but might be due to a complex vibration mode betweeadsorbed CO or H, the
Ce adatoms, and the supporting Ag(100) surface. Remarkalblif /dV spectra shown in
figure[4I5 reveal in addition a dip aroud}: of about5 meV half-width at half-maximum
which is only marginally influenced by the tunneling resistaR .

Furthermore, not all spectra obtained on top of the bistalbleorbates in the small
configuration reveal the typical asymmetry aroufid as shown in figureEZ4.10 (b) and char-
acteristically for the Fano resonance. In Figlire ¥.16, siichil” curves are plotted for
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Figure 4.14: “Switching” between bistable and stable camfijon by applying short
(20 ms) pulses between tip and sample. (a): Initial image; (lBdgenrecorded after ap-
plying aVp = —4 V pulse at the marked position; (c): Pulselgf = +4 V applied during
the scan at the marked position. The white arrows indicaestian direction. Tunneling
parametersV; = —100 mV, I = 100 pA. Image size for all imagesi.8 x 5.8 nn?.

different tunneling resistanceBr. All spectra show an identical symmetric dip within
the limits of resolution. The spectra remind us of the speatproduces by an inelastic
tunneling process in the limit digT ~ E; (see chaptedr 2.3.3 and figurel2.8)). Indeed,
performing a least-square fit of the IETS equafion?.24 tadtta results in a good agree-
ment between fit and data as shown in figure4.16 (red linesd. bEst fit parameters are
E; = 3.24+0.9 meV for the excitation energy of the inelastic process, Bnd= 6+ 2 K for

the temperature. The large fitting range of ab©80% for both parameters, i. e. the range
in which the calculated curves agree with the obtained d&atiye to the resolution limit in
IETS of~ 2 meV at a base temperature®f= 4.7 K of the instrument (see pagel15).

To determine the influence of hydrogen on the measuremenstseXiperimental results
are obtained by dosing pureg ldas through a microvalve into the STM chamber on the cold
sample. FigurE4.17 (a) shows a STM image in pseudo 3D repedsm of7.7 x 3.6 nmy
size after dosing hydrogen gas. The image shows a Ce adataboof200 pm apparent
height (labeled with 1) and a small indention in the surfatalmut50 pm apparent depth
which is found close to the adsorbate and labeled with Il.c8pscopic measurements
were performed on the hydrogen contaminated surface. Budtseare presented in figure
HBT11 (b). The curve | was measured on top of the adsorbateeardls a spectrum mainly
identically to the one presented in the beginning of thigisean figure[4.ID (b). A least-
square fit using the Fano equationl4.3 results in the paramgie = —0.7 + 0.1 meV,

I' = 3.5+ 0.3 meV, andg = —0.20 + 0.05. These results are within their uncertainties
identical to the earlier observations. Tée/dV spectrum measured at point Il in a distance
of aboutl nm from the adatom reveals a different shape which we adsogiainly to a
vibrational mode of the hydrogen adatom~of5 meV excitation energy. Due to the small
distance to the adsorbate, it can not be excluded, that #etram is still influenced by the
adsorbate 195, 117].

Unfortunately, further investigations have not yet beeriggmed, so that the final an-
swer of the origin of the observed switching and the spe@&tlures is not yet given.
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Figure 4.15: (a)-(c): Set ofl/dV curves obtained on a small Ce cluster on Ag(100) at a
base temperature @ = 4.7 K using a modulation voltage df,, = 1 mV. The spectra
reveal a distinct dependence on the tunneling resistahice At relatively high Rr, the
ground state conductivity,, is higher than the excited state conductivity,, while the
situation is inverse at loweRy. (d): The ratioo,/o., obtained from the spectra (a)—(c)
shows a logarithmically dependenceRy.

4.4 Summary

The experimental observations obtained on single Ce adasapported on different silver
surfaces as presented in this chapter are ambiguous. Irasbtd the clear manifestation of
the Kondo effect in spectroscopic measurements on top gfes®o atoms when supported
on noble metal surfaces (figurlesl4.5 4.6) and detectedvieyad groups 117, 47, 59,
144], the unequivocal detection of the Kondo effect origidaby single Ce adatoms was
not possible in this thesis.

Ce adatoms on the Ag(100) surface reveal spectroscopiarésatvhich might be partly
due to the Kondo effect. Unfortunately, we are not able tdusleca co-adsorption of hydro-
gen which can strongly influence the Kondo temperature aod skibrational signatures
in the dI/dV spectrum similar to a narrow Fano resonance. As the chaflewi8 ad-
dress, single Co adatoms on the Cu(111) surface show norltmgeharacteristic Kondo
scattering in thell /dV spectrum as shown in figufe #.6 when exposed to hydrogen.

To clarify the origin of the switching and the observed spemtopic features detected
on Ce adatoms at Ag(100) it is highly recommended to perforasarements at signifi-
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Figure 4.16: Black lines: Set @fl /dV curves measured on top of a bistable adsorbate in
small configuration at different tunneling resistancesl /A0 voltage divider was included
between the voltage supply and the junction to reduce thiag®lnoise and to increase
the energy resolution. Additionally, a low modulation agje ofV;,, = 500 nV was used.
Red lines: Fit to the data using the IETS equafion]2.24. Tist fiks result in: E;, =

3.2 + 0.9 meV and a temperature @ = 6.7 + 1.4 K. The curves are shifted vertically
with respect to each other oyl units for better visualization.

cantly lower temperature. The base temperature of liquiidineis not sufficient to obtain
an energy resolution in spectroscopic measurements tdyctistinguish between the dif-
ferent processes with a shape analysis of the spectra.iéwutaliy, the contamination of the
sample by hydrogen has to be ruled out. Unfortunately, hyehiayas is always present in
low-temperature measurements and due to its small massrtyigooorly pumped by the
getter pumps of the STM system. Nevertheless, it might bsiplesto reduce the hydrogen
contamination by including a non-evaporable getter punogeaty to the STM in the low
temperature parf[150].

Such an equipment, which will be soon available in our laloywad to contaminate the
Ce/Ag(100) sample with Hand additionally with 3 in a controlled manner. This exper-
iment would help to distinguish between vibrational exaias and the Kondo effect, due
to the mass-effect in IETS[36, 130,148, 151]. Additionadlypwer base temperature would
also allow to measure the spectrum of single Ce adatoms ofigflel1) surface which is
so far hindered by the mobility of single Ce adsorbates orlAgj)[ or superimposed by the
change in the LDOS due to the superlattice creation as dieduis chaptdr3l4.
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Figure 4.17: (a): Pseudo 3D representation of an STM image ofdividual Ce adatom on
Ag(100) after dosing klon the cold sample. Tunneling parametérg: = —43 mV, I =
100 pA, T = 4.7 K. Image size:7.7 x 3.6 nm?. (b): Spectra obtained on three different
points in the image marked with I-I1l by using a modulatiortage ofV,,, = 1 mV during
thedI/dV measurements. The full line at | is a least-square fit usiadg-dno equation 4.3
and resulting inEx = —0.7 £ 0.1 meV,T" = 3.5 + 0.3 meV, andg = —0.20 + 0.05.
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Chapter 5

Measurements with superconducting
tips

5.1 Introduction

Experiments using superconducting materials in planandujunctions for one or both

electrodes have already been performed in the early 1060452 [ 153, 1€, 154, 155], but
itis only in the last few years that superconducting tipsshiasen successfully used in STM
[156,[157 158,159, 160, 161].

There are several problems to solve before one can sucltgssfa superconducting
tips in STM experiments. Up to now, all published spectrpgcaneasurements where
performed with elementary superconductors (see refesemoave) leading to the problem
that even for metals with the highest critical temperatlie i. e. niobium ([ = 9.25 K)
and lead Tc = 7.2 K) [L36], an essential cooling of the STM down to liquid hefiu
temperature or lower is required. Additionally, the desidrihe electronic equipment, in
particular the voltage generator for the tunneling voltagd the current-voltage converter,
has to be selected for extremely low (voltage) noise to maketsoscopic measurements
in the sub-millivolt range possible (see also chadierA8d2.3b).

To overcome these complications, one could imagine usighg-F superconductors
as tip materials. Unfortunately, these materials are veitjleowhich makes it extremely
difficult to produce a sharp tip, even though first attemptsehzeen made to create super-
conducting tips made out of MgBcrystals [162]. Additionally, highF superconductors
are not yet well understood on a theoretical level which reakdifficult to interpret the
obtained spectroscopic data, but might be by itself anéstarg subject to explore.

In this chapter we will present data which was obtained usimgerconducting niobium
tips. The major part of the measurements were done dBtieResearch Divisiorin the
STM group ofDon Eigleﬂ at theAlmaden Research Center, San Jose, Califorriere
excellent conditions for STM and STS measurements are diyem*He Joule-Thomson
refrigerator [48] which has the capability of cooling downetSTM to a base temperature of
only 0.55 K resulting in a spectroscopic energy resolution of a fes¥. Additionally, the
setup has the option of applying magnetic fields between? T parallel or perpendicular
to the sample surface.

1The head of the STM group has since changed and isArmiveas Heinrich
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The experiments can be divided into two categories. As disll in chaptdl 2.3.5,
superconducting tips can be used to boost the resolutiorT 8frfBeasurements below the
limit of their normal-conducting counterpart, which wagds$o measure excitations of very
low energy (sectiofi bl 3). Additionally, tunneling betwawm superconductors reveals by
itself very exciting physics of multipl&ndreewreflections[[16B, 1€4], as we will discuss in
sectio 5.U[[165], and afosephsomsupercurrent[186], which will be the subject of section
B4

Furthermore, in sectiof 3.5, the interaction between twmesronducting electrodes
(i.e. tip and sample) and a magnetic adatom will be presemigothg an outlook on the
interesting physics and opportunities that measuremeittisswperconducting tips open.

5.1.1 Preparing superconducting tips

For the preparation of superconducting Nb tips two diffetechniques were used in this
work. To produce sharp and stalmlermalconducting tips, electrochemical etched tungsten
wires are widely used [17]. This etching process was appbedb where we used the
following procedurell16/7, 168]: A purified (99.99%) polystglline Nb wire 0f0.25 mm
diameter was degreased with isopropyl and immersed appately 1.5 — 2 mm deep
in a solution of 25% HCI in water. The electrochemical etghimas then performed by
applying a0 Hz ac voltage of approximateB4V ., between the wire and a graphite block
used as counter-electrode. The ac current was recordeagdine etching and showed a
slow, almost linear decrease until a certain point at whiehdurrent dropped much faster,
marking the endpoint of the etching process for sharp tipgchSips are covered with a
thick layer of different insulating oxides like NbO, NBQOand NBOs. These tips were
afterwards transfered into the preparation chamber wiherexide layer was removed by
Ar ion sputtering. After this procedure, the tips are ablémage the sample surface with
atomic resolution.

The second method used by us was, in a way, a more “brute feechhique. While
the exchange of tips in the STM at thBM lab is difficult to perform and can only be
done by breaking the vacuum, we attached a Nb microcrystalrammmal-conducting Ir tip.
Therefore, a Nb(110) single crystal sample was cleaned ¢xessive cycles of heating and
Ar-ion sputtering until we resolved a flat surface (see fifiife(a)) [169]. By indenting the
Ir tip betweenl — 20 um into the Nb sample, we attached a Nb microcrystal on the apex
the tip as schematically drawn in figurels.1 (b), resulting superconducting gap ranging
from 21% - 86% of the bulk Nb value, i. & = 0.31 — 1.27 meV.

Superconducting tips produced with this method show anpewrd stability. Without
mechanically destroying the tip, measurements with tungelurrents up td, = 500 nA
and tunneling resistances downRg = 8 k{2 were performed. Additionally, the tips were
sharp enough to resolve atomic resolution as seen in figlir@}p.

5.1.2 The BCS model of superconductivity

The sudden disappearance of conductivity below a criteralperature, which was already
detected in several materials at the beginning of the 20tiuce starting with the early
measurements dfl. K. Onneg[Z] (see figurd_L]1l on padd 2), is surely the most known
characteristic of superconductivity. At that time, whea tluantum mechanical revolution
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Figure 5.1: (a): Image of the Nb(110) surfad® (x 50 nn?, V3 = 50 mV, I = 1 nA)
observed with a superconducting tip. Bottom left ins2#4 x 4.1 nn? detail revealing
atomic resolution (b): Schematic of the superconductipgused. A microcrystal of Nb
was attached to a normal-conducting Ir tip by indenting ipénto the Nb(110) crystal.

has not yet started, it was impossible to explain the effdegaately. Additionally, with
the observation of the perfect diamagnetism of supercdoduidy W. Meissnerand R.
Ochsenfeld170], it became clear that superconductivity is more tHandimple loss of
electrical resistivity in certain materials.

It took more than 40 years until superconductivity was sssftély put in a quantum
mechanical framework, the so called BCS model, alteBardeenL. N. Coopey andJ.

R. Schrieffer[5]. This section gives the outline of this theory with the grasis on the
topics necessary for the interpretion of tunneling measergs. The BCS theory is based
on an assumption that under certain conditions an atteagtteraction can exist between
electrons near the Fermi surface of a metal. These interectvere first proposed Uy.
Frohlich [171] and independently by Bardeerfl7Z]. They showed that such an interaction
can occur by the exchange of virtual phonons.

This attractive interaction may arise when an electron withmentumé; polarises a
lattice of positive ions to such an extent that it is oversnges, resulting in an attractive force
on a second electron with the initial momentiémm(see figur€sl2). The overscreening can
only occur when the difference in energy between initial findl states is smaller than the
energy of lattice vibrations, and thus the exchanged phaawirtual onel[173,174]. The
maximum momentum exchangé between the two interacting electrons is limited. The
scattering process takes place only from an occupied statean empty state. Therefore,
all scattering events have to occur in a narrow energy rangend Fr of width +hwp,
with wp as theDebyefrequency of the lattice which characterizes the cut ofhefphonon
spectrum in the crystal.

By using this positive electron-electron interacti@goperconsidered in 1956 [175]
what would happen to two electrons added to a Fermi sda-at0. The electrons were
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Figure 5.2: (a): Interaction between two electrons by ergkaof a virtual phonon. An
electron with the momenturim mteracts with one with momenturkg Conservation of
momentum requweis1 =k — q andk2 = ks + q. (b): The interaction can be understood
by assuming an overscreened response of the positiveel&tis initialized by a passing
electron (I). The local positive charge than attracts asg@ectron (l1).

only allowed to interact with each other via the above déscriinteraction, but not with
the electrons of the Fermi sea except by Pauli exclusion;hwmcludes them from already
occupied states, i. e. from states below the Fermi energghideed that the lowest energy
state is reached when the momenta of the two electrons aosioppi. ek, = —ky, So that
pairs with a total momentum of zero are energetically mosiried. To additionally satisfy
the Pauli exclusion principle and the indistinguishapitif the electrons in the pair, the total
wavefunction of the two-electron system has to be antisytriofer the permutation of the
electrons, meaning that the electrons themself have to bha antisymmetric singlet spin
state with oppositely directed spﬂsso that the two-particle wavefunction can be written
as:

br- = == (1M 12 = 11112 ) (5.1)

1
vl
with |T), as thei-th electron in spin up and ), as thei-th electron in spin down state.

As a consequence of the positive interaction, all electmitispair and thus go into
this new state as long as the gain in energy is greater than Zéwe new ground state of
the Fermi sea, which results from the pairing of the electy@determinated by a complex
interplay between the electrons. The paired electronsadlericCooper pairs in honor of his
introduction of this concept. Because of the opposite spthetwo electrons, the Cooper
pairs have a sum spin of zero and act more like bosons whicharadense according to the
Bose-Einsteirstatistic into the same energy level.

The pair @T, —El) can be occupied or unoccupied so that we can choose theiiofo

2This might not be the case in high- superconductors, where symmetric triplet spin interastits in
discussion.
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representation for the wavefunction:
V)i = ug|0) + vg 1L (5.2)

where|1); and|0); are the wavefunctions for the pait {, —k |) in occupied and unoccu-
pied states, respectively. We note thiat- and|0) - are orthogonal to each othes;; = v]% is

now the probability of finding the electron pair occupiedd an- w; = u% the probability
of finding it unoccupied. The BCS ground state of the supetaotor is approximatively

the product of all pair states [1I73]:

loBos) ~ [ ] (uz|0)z + vz 11)7) - (5.3)

The equatioi 5]3 can be rewritten in second quantization as:

omos) = TT (ug +vib) 10)z (5.4)
vE
with b* =ct chk . as the operator for the combined creation of two electrotisarCooper
pair state k T, — —k 1).
While v andu;; obey the relation? + u2 = 1, one can rewrite the prefactors by using
only one variablev; = cos 6 andu; = sinf;.. The fraction of occupation for the BCS
ground-state df’ = 0 is than calculated as (see for example [72]or [173]):

1 E
=t =1 —— 5.5
WE = VR 2( «/E2+A_2>’ (5.5)

with A as the gap energy of the superconductor. The functionmmtfigurd"jB reminds
one of the Fermi-Dirac distribution at the critical temgaraTc = + 76k A of the super-

conductdd. Of course we have to keep in mind that is only described with equation
q inside the small energy windalyr + Awp in which the interaction energy between the
paired electrons is positive.

In most tunneling experiments, we are not interested;itout in the so called quasipar-
ticle excitation spectrum. To excite a single electron ingbhperconductor from an occupied
state belowEr to an empty state above, an energy of at l@dstis necessary to break a
Cooper pair leading to a gap &\ width around the Fermi energy. The exact form of the
guasiparticle excitation spectrum is plotted in figurd 58 ealculated in the framework of

the BCS theory as:
E—1i
p(E) =% { CETE } , (5.6)

where, in addition to the BCS theory, a small imaginary parits added to the energy
to account for the finite lifetime of the quasiparticles a thap edge [176]4 is usually
relatively small, within a few percent of the gap eneryy

In figure[5.4 we outline schematically the tunneling betwaesuperconductor and a
normal conducting metal. The top curves)(are drawn using the quasiparticle excitation

3Here we see clearly that we do no longer have a single elestatistics.wy, is similar to the Fermi-Dirac
distribution atT- even if we have plotted the curve for a temperaturé@' et 0.
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Figure 5.3: Dashed line: Plot of the fraction of occupation the BCS ground state at
T = 0 (equation[5F). The cut-off abr + hwp is not shown. Full line: Quasiparticle
excitation spectra (equatidnb.6) withset t0o0.01A. The energy for both plots is given
relatively to the Fermi energ¥r in units of the superconducting gap
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Figure 5.4: Quasiparticle excitation spectra for a Nb scmaductor withA = 1.47TmeV
(p¢), and density of states for a normal metal)( (a): AtT = 0.5 K almost no electron-like
states abovéyr, and hole-like states below exist in the superconductor. The Fermi-
Dirac distribution for the normal conducting electrode laasharp edge abr. (b): At

T = 5 K some electron-like states abo¥g-, and some hole-like states beld¥ exist in
pt, While the Fermi-Dirac distribution ip, is smeared out arounfiy.
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spectrum of equatidn3.6. They are divided into two partelkdh‘e” and “A” to account for
occupied (electron) states and unoccupied (hole) statés.igsimilar to the band notation
in semiconductors and in some cases is very helpful as waadlbelow. Nevertheless, we
must be aware that the situation in a superconductor is diffezent from a semiconductor
and that these notations should not lead to the assumptdthii physics of superconduc-
tors are similar and applicable to models used in semicdodytysics. The difference
between the plots in figufe®.4 (a) and (b) is the temperatitieecsystem. In (a) we have
assumedl’” = 0.5 K which is far below the critical temperature @ = 9.2 K for a Nb
superconductor witlh = 1.47 meV. The electron states are filled upAg — A, while the
occupied hole states only exist Bt > Er + A. The electron densityg of the metallic
electrode shows a sharp, step-like decreade-at

The situation is different in (b) where the temperatilire= 5 K is elevated compared
to (a) and the thermal energyT = 0.43 meV ~ 0.3A is of the same order as the super-
conducting gap energy. At once, one remarks the influendeediigher temperature on the
electron density;. In the metallic electrode, the occupation of electronsrieared out in
a range of aboutkgT aroundEr (see also chapt€rZ.8.2), but the quasiparticle excitation
spectrum of the superconducting electrode remains mostthangedl The only differ-
ence from the low temperature curve is that a small part eteles have enough energy to
overcome the gap and thus fill states above the Fermi eneagingethe same quantity of
hole states belowr.

5.1.3 Andreev reflections

To describe tunneling between two superconductors, e&ib has to be used for the

in the tip as well as for thg, in the sample. Using equati@nP.9, the convolutiomoénd

ps leads to adl /dV spectrum which has a gap ef(A; + As) width aroundEr. Here

A; and A, are the superconducting gap energies of the tip and the samgsipectively.
Assuming a finite temperature and thus some electronicatiuis aboverr as displayed
in figure[5.2 (b), additional peaks are detected indigdV spectrum att|A; — Ayl as

shown in figurd5]5. These features diminish whef” < A 5.

As we will see in sectiofi’8l4, the above described structfithenil /dV spectrum of
the superconductor-insulator-superconductor tunnédingly valid if the coupling between
both superconductors is weak, i. e. the tunneling resistanbigh Ry 2 1 MQ).

In stronger coupled tunneling junctions new features odaside the gap due to An-
dreev reflection processes. This mechanism was first pomtedy A. F. Andreevn 1964
[L78] and is schematically presented in figuré 5.6 followtimgdescription 06. E. Blonder
M. Tinkham andT. M. Klapwijk[163,[164].

In this figure, a voltag@A > |eVp| > A is applied between two equal superconduc-
tors We assume now that an electron (1a) moves from a state béjgw- A in the left
superconductor 1 into the right superconductor 2. Whileumesconductor 2 no electron-
like empty states are available for the incoming electrbis, process can only occur if the
electron is backscattered into a hole (1b) which tunnelbéropposite direction back to the

4A is a function of temperature, but as longZ&ss sufficiently smaller thafT it decreases only slightly.
At T = 0.5T¢ itis still a good approximation to séf(7") = A(T = 0).

SIt is not necessary to have equal superconductors as weagilhssectiofiBl4A; = A, is only chosen to
simplify the derivation outlined in this section.
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Figure 5.5: Upper curvedl /dV spectrum between a superconducting sample with=
1.47 meV and a superconducting tip withy = 0.4 meV at7T = 4.2 K (Ry = 5 MQ,

Vin = 28 uV). Peaks are visible atVy = +(A; + Ay) and at+(A; — Asg) due to
quasiparticle tunneling (spectrum is shifted by one unitfetter visibility). Lower curve:
Simulation using equatiofi 3.6 to describe the excitatiogcsp in tip and sample. The
dI/dV spectrum was then calculated with equafion 2.9. The differdetween simulation
and measurement 8ty| > 2 mV is caused by phonon excitations in Nb[L77] which are
not included in the simulation.

left electrode where empty hole-states are available.

The electron (1a) is “mirrored” on the Fermi energy of théntiguperconductor 2 dur-
ing this Andreev reflection process. The incoming elect(rl?am) with an energyF, is
reflected into a holé—l;, 1) with opposite energyy, = —Ej, in respect toEr,. Af-
ter this process, two electron charges are transportegsatine junction from left to right,
creating a Cooper pair inside the gap of the right superoctodu

To calculate the probabilityu|? of the occurrence of an Andreev reflection process, we
write the incident electron wave function as:

1\ irz
e = <0>e i (5.7)
the reflected hole-like wave function as
0\ _ikz
Tzz)reﬂ - <1>6 K 5 (58)

and the transmitted wave function as

Ytrans = <u> eil;a_:" (5.9)
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Figure 5.6: Sketch of the Andreev reflection process betweersuperconductors. Dashed
lines: Quasipatrticle excitation spectrum for the left aightr superconductor. Red lines:
Square of the Andreev reflection amplitudeg F)|?>. Arrows indicate second order
(la—1b, 1a-1b’) (figure (a)) and third order (2a2b—2c) processes (figure (b)). For
details see text.

Matching the amplitude and derivative at the boundary, we tiie Andreev reflection
coefficient to bell164]:

1 , Bl <A
laf> ={ v® |E|—VE?Z - A2 (5.10)
u |E| + VE2 — A2
Whereby the quasiparticle wave function is phase shiftegel Andreev reflection process
by:
JA2 _ F2
¢ = arctan (—%) . (5.11)

As we see in equatidn 5110, all electrons wifff < A are completely reflected as a
hole, while the Andreev reflection coefficigat? diminishes rapidly for quasiparticles with
energie§E| > A (see red lines in figuiie3.6).

A similar process is possible that involves an incident Hiike quasiparticle (1a’) from
the right superconductor 2, which is Andreev reflected imteekectron-like quasiparticle
(1b’) by annihilating a Cooper-pair in superconductor 1tHa sum, the 1a>1b’ process
is equivalent to the a1b one. Both transport two elementary charges across tioégan
Higher ordered processes involving more than one Andrdkaction are possible. In figure
the 2a»2b—2c transport is drawn as an example of such a higher ordeegsotiere,
three quasipatrticles are involved (two electrons and ot hiansferring three elementary
charges across the junction from the left to the right supetactor.
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The threshhold voltage for theth order process, whereis the number of elementary
charges that are transported over the junction involving 1 Andreev reflections is given
by:

2A
Vr > =, (5.12)

as it can be easily deduced graphically from figures[liké 523 (pag€10d0).

5.1.4 Supercurrent and Andreev bound-states

It was in 1962 wherB. D. Josephsopointed out that between two superconducting elec-
trodes not only quasiparticle tunneling is possible, buitamhally Cooper pairs should be
able to tunnel across the barrier leaving the quasipadiskeibution unchanged 166, 1179].
The tunneling of Cooper pairs leads to a supercurrent, wegchflow even in unbiased
junctions.

This macroscopic quantum phenomenon is called Josephfemt: ¢he supercurrent is
driven by the phase differenéebetween the wavefunctions of the Cooper pair condensates
of the two superconductors. While the Cooper pairs in thesuwmerconducting electrodes
are all in the same stat&js a collective variable coupling the quantum mechanic oladde
directly with macroscopic electric quantities. Josephstoowed that the effect is described
by two equations

I = Iysin(9), (5.13)
do

V. = — 5.14

®o dt’ ( )

wherel andV are the current and voltage of the tunnel junctignis the critical current
andyy = h/2e = 3.291 x 10716 Vs is the reduced flux quantum.

Together, these two equations, are able to describe a wide 1@t experimental results
and observations. They can be understood easily in thewioigppway: Equatior 513
describes the dc-Josephson effect, i. e. the phenomena thatent flows between two
superconductors without voltage drop. The supercurrepenids therefore only on the
phase differencé between both superconductors and the critical superdufsemvhich is
given for a temperatur@ and equal gapa in both tunneling electrodes by [166]

TA A
IO = —tanh <]§B—T> s (515)

with Ry as the junction resistance in the normal conducting stade.uRequal supercon-
ductors withA (T") > Ao(T), V. AmbegaokaandA. Baratoff showed that the supercurrent
is calculated as [180]

1 Ao (T)? A
Iy = R—TAQ(T)K ( 1-— Al(T)2> tanh <kB—T> , (5.16)

with 7" as the temperature arfd(x) as Jacobi’s complete elliptic integral of the first kind.

Shortly after the publication of Josephson’s theoreticguanptions, the experimental
evidence of the proposed zero-voltage supercurrent was\wgised in thin film measure-
ments [181L] and in greater detail in point contacts [182]dalg experiments are mainly
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Figure 5.7: (a): Andreev bound-states enerdigsfor different transmission coefficients
7 and phase shift§ between the two equal superconducting electrodes. (b)cSlkdé the
Andreev reflection process between two superconductorsbdtind states lead to a closed
cycle of quasiparticle tunneling, Andreev reflections, #mel annihilation and creation of
Cooper pairs. During this process, charge is transported guantities across the junction
at zero voltage.

done in break junction experimenis [183,1184] due to thelitalo achieve single contacts
between both superconductors. Additionally, experimasisg STM have been performed
[185,[186]. Based on these earlier works, we will present data with intriguingly high
energy resolution and probably new effects in sedfioh 5.6.

Equatio 514 describes the so called ac-Josephson dffe, the phase between the
two superconductor&is no longer fixed. The time derivativi /dt is directly proportional
to the voltage across the junction. Thus, an applied sm#thge produces an alternating
supercurrent with a frequency ¢f= 27};0 = 483.5979 MHz/uV. The first experimental
observation of the ac-Josephson current was done by apptyicrowaves to the junction.
Sharp steps in the recorddd— V' curves were found when the applied voltage crossed
multiples of 2 f [188,[189[190]. These steps are call®loapirosteps in honor of.
Shapirowho first discovered them [1B8]. These steps exist due toophioduced tunnel-
ing. The probability of the tunneling increases when thedtgd electromagnetic wave is
in resonance to the Josephon ac-current. Additionallydthext microwave emission of
superconducting junctions was detecled [191].

The current transport can be understood within the framlevwbAndreev reflections
(sectiof5.IB). Figuded.7 (b) shows the principle: An &tettunnels from the left super-
conductor to the right one and is Andreev reflected into a Whlieh travels back to the left

5The exact conversion of the applied voltage to an ac-cuwithta conversion factor that only uses physical
constants (equatidn5l14) is the basis for ultra-high piegivoltage references. While the second is a Sl-unit
based on the transition between the two hyperfine levelsajtbund state of the cesium 133 atom, frequencies
can be generated with a relative errorefl0~'* and thus voltage generators that have sub-nanovolt résolut
ina—1V — +1 Vrange are available using the ac-Josephson effecl [187].
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superconductor where it is again reflected into the samegetevrel as the first one. During
each cycle two quasipatrticles are transported acrossticégn which create a Cooper pair
in the right and annihilate one in the left superconductoatdfiing the phase shift (equation
E.T11) at each Andreev reflection process for arbitrary ghodtions, the result for coherent
tunneling, i. e. for tunneling in which the overall phaseftsiione cycle is» x 27, leads to
the following Andreev bound-states in symmetric junctifitid2,[193] (see figure 3.7 (a)):

EL(5,7) = Ay /1 — 7 sin? (g) (5.17)

with 7 as the transmission coefficient of the junction,

h 1 1
T R 12.906 kQRT. (5.18)
The current can flow over these two Andreev bound-statestindicections and is given
by the derivative of the bound state energy with respectd@tiase difference between both
superconductors:
_1dEL(6,T)
I (6,7) = g a5
The net supercurrent results from the imbalance of the pipual of the bound states which
is driven by the external voltage source. For small transimiscoefficients-, the result for
the supercurrent using equation3.19 is the same as the@myudasephson found in weakly
coupled superconductors (equatlon.13). Especiallynthgimal current is given at the
same phase shift (= +7/2), while for 7 — 1 the maximal supercurrent is reached at a
phase shift = 7 between the electrodes (see figuré 5.8).

. (5.19)

5.2 First attempts of spin-selective measurements

Triggered by the results of the superlattice formation ef thagnetic Ce adatoms on the
Ag(111) surface (chaptéd 3) and the open question of magigsractions therein (see
pagd4B), together with the effects we have observed in thequrs chapter like the switch-
ing of single atoms (padeb9 and following) and the KondoatffpagdBll and following),
we became interested in spin selective measurements.

Measurements which are able to detect the magnetic momitat latvel of single atoms
are of considerable general interest because they proriddditional channel of informa-
tion which promises to give new insight into local magnetiteraction.

In STM measurements, the first attempts to detect magnetistheonanometer scale
were performed by detecting the polarization of the lighfterd from the tunneling junc-
tion between a ferromagnetic Ni tip and a GaAs(110) surfééd]and by the use of CrO
coated ferromagnetic tips to detect the antiferromagratier of Cr(001) terrace$§ [195].
Meanwhile, spin-polarized STM (SP-STM) measurementsgu@rromagnetic tips to de-
tect magnetic structures were regularly performed by ngatinonmagnetic tip with a thin
layer of Fe [195/ 197, 198, 199] or GO_[24C0, 201]. While feramgnetic tips have the
disadvantage of influencing the sample by their stray fielH]Ltips coated with anti-
ferromagnetic Cr are able to overcome this limitation |2Z2123].
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Figure 5.8: Current-phase relation for different transioissr. For relatively weak coupled
junctionsT 5 0.5 the relation is given by equatign5]14 and has its maximum-atr/2.
For7 — 1 the maximum shifts toward = .

Nevertheless, the spin signal is very small and not sufficedetect the magnetic mo-
ment of single atoms. A different approach to get magnefarination relies on the strong
influence of magnetism on superconductivity. It is well kmothiat even small amounts of
magnetic impurities can significantly reduce the critieahperature of a superconductor
and even destroy superconductivity [204,1173], while nagnetic impurities do not influ-
ence the superconductivity in a classical s-wave supetaadmuch|[20 3. | Experiments
using a Nb(110) sample and a normal conducting tip have thdeewn different spectral
features when the data were taken on top of magnetic Mn andi@&dras while the spec-
trum remained unchanged on top of non-magnetic Ag adatof¥.[The results could be
understood by assuming an exchange interaction betwedoddléezed spin of the adatom
and the conduction electrons of the sample which leads tepparized scattering states
in the gapl[205].

5.2.1 Directinfluence on the superconducting gap

A more interesting method than the one mentioned above igdioa@ge sample and tip.
The use of a superconducting tip as probe for magnetic atongsron-magnetic surface
is promising as we pointed out in the beginning of this sectiBirst measurements of Gd
trimers on Cu(100) with a Nb tip show indeed an influence ofitigorbate on the spectrum
159].

In the experiments presented here, we used a Nb tip preparetthing (described
in section[5.T11) which showed a BCS-like gap when measurdd & 4.7 K against a

’In high-T superconductors with their complex crystal structure esraall amounts of nonmagnetic im-
purities can drastically change the superconducting grdeameter.
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Figure 5.9: (a): Spectrum of the Nb tip measured on the bafd @) surface (dots) at
T = 4.7 Kand Ry = 45 MQ. The black line is a least-square fit using the BCS-equation
including broadening due to the temperature and modulatibine results of the fit are
T =474 K, A =1.24 meV, ands = 5 peV (b): Spectrum obtained with the same tip on
top of a Co adatom on Ag(100) (dots). The black line is a legstare fit to the convolution
of BCS and Fano function including broadening effects asdlting in7" = 4.71 K, A =
1.20 meV,d = 5 peV,q = 1.2, Ex = 1.78 meV, andl' = 3.25 meV. The modulation
voltage wag/,,, = 0.25 meV for both measurements.

Ag(100) sample as plotted with red dots in figlird 5.9 (a). Tlaekline is a least-square fit
using equatiofi 219 (pa@é 8) with as constant angd, given by the quasiparticle excitation
spectrum of equation3.6. The best-fit results in a BCS gap ef 1.24 meV,§ = 5 ueV,
and a temperature df = 4.74 K which is in excellent agreement with the temperature of
T = 4.7 K, measured with a rhodium-iron (Rh-Fe) resistor thermamiet a four-terminal
measurement configuration.

After dosing some Co adatoms from a thoroughly degassedtemdilament on the
cold Ag(100) sample, we were able to compare the above spedctith one taken on top
of a single Co adatom on the Ag(100) surface. We ensuredhbatrobed Co atoms had
at least a next neighbor distancel®fnm and thus do not interact with each other by using
only a very low coverage.

The spectra measured on top of the Co adatoms show an asynimite peak height
at the superconducting gap edge®{ ~ +A) as plotted in figur€5]9 (b) (red dots). Since
it is known that single Co adatoms on Ag(100) show a FanodikearoundFE » due to the
Kondo-effect [120] (see figule—4.5 in chapker4l1.1), we qrenked a least-square fit using
the convolution of equatidn 3.6 for the LDOS of the tip and Ha@mo equatiof 413 of chap-
ter[4.11 for the LDOS of the Co/Ag(100) sample system tomlesthe obtained spectrum
following equatioZB. The results of the homemade fittimgtine, which included broad-
ening due to the finite temperature as well as the modulatiitage (see chapter2.6), are
plotted as a black line in figufe®.9 (b). The Kondo tempegatsee equatidn4.1) of our fit
results inTx = 38 + 5 K, which is in good agreement with the value4df+ 5 K observed
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Figure 5.10: (a): Spectra of the Nb tip measured on the bat&lQysurface (red dots) and
on top of an adsorbed Co adatom (black dotg)' at 0.6 K, I = 3 nA, andV,,, = 71 uV.
(b): After deconvolution an asymmetric dip is detected mdpectrum (red dots) which was
successfully fitted with the Fano function using the paramset = 0.60, Ex = 4.7 meV,
andI” = 2.8 meV in good agreement with [417,159]. The discontinuity awbif)- is due to
limitations of the deconvolution inside the gap.

in earlier measurements [120].

Additionally, we detect a slight decrease of approxim#§ive3% in the quasiparticle
gap width on top of the Co adatom compared to the bare Ag(10fgce A = 1.20 meV
compared tAA = 1.24 meV) which might be due to a direct interaction between thg-ma
netic moment of the single Co adatom and the pairing energlyeoduperconducting tip.

Unfortunately, this change in the gap width of the fittingules is not significant at
a base temperature @f = 5 K, i.e. kgT = 0.43 meV. Therefore, to answer the question
whether the magnetic moment of the single Co adatom has tfgkthe superconductivity
of the Nb tip, measurements at lower temperature are nggessa

We repeated the experiment at the IBM lab at a base temperatwonly 7 = 0.6 K
with single Co adatoms on a Cu(111) surface and a superctingluip by attaching a Nb
microcrystal on an Ir tip (see sectign 5l1.1). The resulkstted in figure[5.I0 (a), show
a much higher resolution due to the lower temperatQré K compared tol.7 K) and the
smaller modulation voltage. The red curve is a BCS-lik¢dV" spectrum of the tip mea-
sured on the clean Cu(111) surface showing a quasipartgengdth of A = 1.27 meV.
Placing the same tip over an isolated Co adatom the blackedsirecorded revealing a sim-
ilar asymmetry as that seen in figlirel5.9 (b) and a change &fi@S in the quasiparticle
spectum atV > Er + A. We calculate the LDOS of the Co/Cu(111) sample by perform-
ing a deconvolution using the pure BCS-like spectrum (red @ofigure[5.1D (a)) and the
Co/Cu(111) spectrum obtained with the Nb tip (black dotd)e Tesult is plotted in figure
(b) (red dots) and shows an asymmetric dip araupdA least-square fit (black line)
using the Fano equatidn#.3 yields a form factor;of 0.60 and a Kondo-temperature of
Tk = 3245 K. Even if the obtained ' is lower than the one detected in previous measure-
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ments[[47][ 59], the overall form of the spectrum agrees with e structure found in the
literature and the data presented in chapier4.1.1 (Higdje Burthermore, we do not detect
any influence of the presence of the Co adatom on the gap widlie isuperconducting tip.

Similar results were obtained for all tunneling currentghia range ofl;r = 50 pA
to Iy = 30 nA (i.e. 670 kQ < Ry < 400 MQ), whereas STS could not be obtained at
higher currents due to tip induced motions of the Co adaiof,[B0]. In particular, no
reduction of the superconducting gap width was detected even the coupling between
the wavefunctions of tip and sample was increased, i. egaehitunneling current.

To summarize, compared to previous measurements on Mnr&riomeAg(100) [[159],
the magnetic moment of a single Co adatom hosted on Ag(100u¢kr11) does not change
the gap in a superconducting tip and the previously obsesueall change in\ might be
due to limitations in the fitting procedure. The reason why thfluence is undetectable
might be due to the fact that the magnetic moment of the Cooautd screened by the
electrons of the metal which is manifested in the observeddgeresonance arounty.
Thus, the relatively weak-coupled tip is not affected by #temic moment. Indeed, as
it will be shown later in this chapter (secti@n.5), Co adagodirectly supported on a
superconducting surface show a strong influence on the gagilste.

5.2.2 Spin polarized tunneling with superconducting tips

A different approach for performing spin selective measwsts with superconducting tips
was proposed bRR. Meservey20/)]. His idea is based on the experimentally found sptitti
of the quasiparticle excitation spectum in thin film measwenats between superconduct-
ing aluminum and a normal conducting metal separated byyathéar Al,O3 layer when
a magnetic field is applied [208, 209, 210, 211]. While in theemce of a magnetic field
the quasiparticle excitation spectrum is given by equdfidh a magnetic field will act on
the spins of the electrons as well as on their orbits. If tiestonducting film in thin film
measurements is thin enough, the effect of the field on thereleorbits will be negligible
compared with the effect on the electron spins if the spbit@oupling is sufficiently small
[208]. In this case, the quasiparticle spectrum will betdpli spin-up and spin-down elec-
trons by an energy of twice theemarenergy,F = gup B, with g =~ 2 as the gyromagnetic
factor of the free electronyp = eh/2m,. = 9.28 x 10724 J/T= 57.9 peVIT as the Bohr
magneton, and as the applied field. The composed spectrum has thus a ticabfetm
as shown in figurE511 (a), revealing the possibility ofiggtpure spin-selective currents.

Indeed, it was shown that the tunneling probabilities fanggp and spin-down elec-
trons are not equal when the second electrode is made ofarfagnetic material such as
Ni, Fe, Co, or Gd[[209, 210] and that in these cases, electuithghe spin direction of the
majority charge carriers in the ferromagnet dominate thadiing current.

Unfortunately, strong spin-orbit coupling inhibits spilective measurements with Nb
tips, as seen in the measurements taken on a clean Cu(1iddesand shown in figure
(b), wherell /dV curves at different magnetic fields applied in plane to thepda
surface and ranging from® = 0 — 4 T are plottetﬂ A spin-splitting, as schematically

8Remarkably, the Nb microcrystal shows a critical magnettdfof Bc ~ 4 T, much higher than the
bulk value of B = 198 mT [13€]. This enormous increase can be understood by thineoment of the
superconducting phase into a very small region at the apthedfp.
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Figure 5.11: (a): Theoretical spectra for the spin up and dpivn quasiparticles of a su-
perconducting tip in a magnetic field without spin-orbit coupling in the zero temperature
limit. The degeneration of the spin is removed leading to ¢wwes for each spin direction
separated by an energy 2fig B. (b): Spectra of a superconducting Nb tip in a magnetic
field of B = 0 — 4 T measured af’ = 0.6 K, It = 2 nA, andV,,, = 71 uV. Due to
spin-orbit coupling the quasiparticle spectrum is not $ingplit. The interaction between
the orbital and spin moment in the magnetic field leads to adening of the spectrum.

drawn in figurd 5. 11 (a), is not obtained but instead an ovbrabdening that cannot be
assigned to the different spin directions.

This result can be understood by referring to the theornA.oA. AbrikosovandL. P.
Gor'kov. They suggested that spin-orbit coupling should increggeoximately asz?,
where 7 is the atomic number of the superconducting elenient! [21Z]. 2Zhus, Nb with
its relatively high atomic number of = 41 (compared to Al,Z = 13) is not a good
candidate for these kind of measurements. But Al, which wiensively used in thin film
measurements as shown before, is difficult to use as tip imbhtercause of its softness
which is in conflict with the need for sharp and stable tips TiMSexperiments. Addition-
ally, the critical temperature of bulk Al is onlly.1 K, which is only by a factor of two higher
than the minimal attainable temperature of the STM used amddixherefore lead to sig-
nificant broadening due to thermally excited quasipartictaeling similar to the results of
Nb atT = 4.7 K (see figurd 5.0 (a)). It might be possible to overcome thgstations by
using stable normal conducting tips coated with an ultmaddyer of aluminum which has
an increased critical temperature of ab@ut~ 2.5 K for a layer thickness of nm [207].

Other materials with lower spin-orbit coupling are beingadissed for use in STM.
Vanadium, with a critical temperature ¢ = 5.4 K [136], and its compounds, for example
VN, VTi, V 3Ga, and \§Si, might be good candidates [207]. V and VRA= 8.2 K [213])
should show significantly reduced spin-orbit coupling dug¢heir smaller atomic numbers
(vanadium:Z = 23, nitrogen: Z = 7) and were found to show spin splitting in magnetic
fields [214]. Experiments using3%i as tip material might also be interesting.;Sf is
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Figure 5.12: (a): Image of individual Co adatoms (brighttspon top of a Cu(111) surface
after dosing of hydrogen on the cold sample. Image parasefér x 20 nn?, Vp =
=20 mV, Ir = 1 nA, T = 0.6 K. (b): The height profile along the arrow in (a) show that
two different species (marked with circles) with differeqtparent heights are observed.

known to be a material with a relatively high critical temgieire of17.5 K [213], and thus
would allow to perform measurements everd &t.

5.3 Influence of hydrogen on single Co atoms

In this section we will discuss the enormous change indth&lV spectrum of single Co
adatoms supported on a clean Cu(111) surface when addlyidnalrogen is dosed and
attached to the Co adatoms.

Using a clean Cu(111) sample on which a low quantity of Co@datere deposited, we
dosed atomic and molecular hydrogen from a heated tungtemefit. The filament, which
was previously used in a Mn evaporator, had a direct view thr@@old sample surface. By
placing the filament directly over a mass spectrometer wekgtethat the Mn source was
exhausted and that indeed only hydrogen, which originata fiydrogen incorporations in
the tungsten wire, was evaporated.

A constant-current topographic image of the Cu(111) serfafter dosing hydrogen
with the filament is shown in figule 52 (a). On top of e x 20 nn? large detail of
the Cu(111) surface, seven adsorbates are visible as gimisu While the unchanged Co
adatoms have an apparent height of ab@upm, two objects in the image, which are
indicated by green circles, have a lower apparent heighhbf & 65 pm as seen in the
line profile (figurd 5. IR (b)), which was taken along the armvigure[5. 12 (a). Additional
visible periodic height modulations of a few pm amplitude due to interferences between
surface state electrons, which are reflected at the step addeat the adsorbates, leading
to standing wave patterns and modulations in the LDOS (sapteli31P).
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Figure 5.13: Spectra takenBt= 0.6 K and B = 0 using a superconducting Nb tip placed
at different lateral distancesfrom the hydrogen-attached Co adatom on Cu(111) (see lower
inset). The upper inset shows an enlargement of the left efiie quasiparticle excitation
spectra and reveals two distinct peaksatl.50 and~ 1.85 meV. Setpoint parameters
before performing thél/dV measurements/y = =5 mV, Iy = 2 nA, V,, = 71 uV.

Using the superconducting Nb tip as probe in spectroscogiasnrements on the ob-
jects with higher apparent height reveals spectra sindl#re one displayed with black dots
in figure[5.10 (a) which allows us to identify them as singlea@atoms. Surprisingly, spec-
tra obtained on the lower species found in fiure.12 haverpliely different structure.
Typical dI/dV spectra of these, presumably with hydrogen-attached Cloradaare dis-
played in figurd’5.713. They do not show the characteristionasgtry of the signal strength
at the quasiparticle gap edge, which was identified by dextotion (see figur€5.10 (b)) to
have its origin in a Fano dip arourdy due to spin-flip scattering of the Cu(111) electrons
on the magnetic moment of the 3d electron of the Co adatom.

Instead of a Fano dip, we detect a splitting of the superottimly quasiparticle exci-
tation spectrum similar to the expected splitting in a méigrfeeld as discussed in section
and schematically shown in figtlE_B.llﬂé)he effect is strongly localized on top of
the adsorbate and diminishes rapidly when the distancedeetihe point where the spec-
trum is obtained and the center of gravity of the adsorbaiteci®ased. Already at a lateral
distance of).4 nm from the center of the adatom, the unperturbed quasifgspectrum of
the superconducting tip is mainly recovered.

°But here we have to be reminded that the externally applieghetic field was set to zero, although an
external magnetic field is the essential condition for therdan splitting described in sectibns12.2.
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Figure 5.14: Simulation of spectra’Bt= 550 mK assuming tunneling between a supercon-
ducting tip (A = 1.31 meV) and a sample with a vibrational state at an energi0ofu.eV
resulting in go, as seen in the lower part (see chapier?.3.3). Dependingeatifitdepthy

the spectrum of figule 513 can be reproduced.

The observed spectra can be understood by assuming artimalaseling channel on
the sample side of the tunneling junction. As pointed outhaptedZ.313, this additional
channel induces a step like increase in the differentiatiaotance when the kinetic energy
of the tunneling electrons exceeds the threshhold givehdyrtode energy of the inelastic
process, i. €eVp| > E;, and thus the electrons can tunnel elastically as well dastieally.

A simulation between a superconducting tip and a samplesysgiith an inelastic tun-
neling channel which has its excitation energyFat= 300 peV is shown in figur¢ 5.14.
The calculated spectra show the same splitting as obsemviid iexperiment. A detailed
analysis on several hydrogen-attached Co adatoms resudts €énergy where the inelas-
tic contribution begins ofs; = 325 + 50 ueV@ The increase in conductivity at energies
greater tharF; due to the additional inelastic channel is, with approxiehat0%, relatively
large.

To get further insight into the physical process origingtiim the observed spectral fea-
ture, we performed spectroscopic measurements by vargguhneling current in a large
range, fromb0 pA to 10 nA, corresponding to a tunneling resistance betwd¥nM and
500 k2. The different spectra show, apart from reduced noise dtehify, no change in
the splitting, i. e. in the mode enerdy; or in the depthy, as seen in figule 5.Jl5. Spectra

%Here we want to emphasize the high energy resolution of tpersonducting tip. Even & = 0.6K
and a modulation voltage df,, = 71 uV resulting in a broadening o 280 V due to the temperature and
~ 160 pV due to the modulation (see chapfer 2 3.3) the IETS is oledetected showing the advantage in
using superconducting tips as discussed in chfpied 2.3.5
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Figure 5.15: Spectra measured on top of a hydrogen-attaClweddatom obtained at
different setpoint currentd; before the feedback loop was opened. The curves are
rescaled tol /Ry with Ry as the tunneling resistivity /I determined outside the gap
atVp = —5 mV. They are additionally vertically displaced in respaztetach other for
better visualization.

at higher tunneling current could not be measured becausgheff decrease of the tunnel-
ing resistance results in tip induced movements of the adddd,[50]. By performing
such movements we were always able to transform the objekttbardinary Co adatoms
which then recovered the initial apparent height and spettas discussed in the beginning
of the section. This observation can be interpreted as adipeced detachment of the hy-
drogen similar to experiments using acetylene on Cu(CULd][2r cobalt phthalocyanine
on Au(111) [122].

To ensure that the spectral features are indeed due to asticelunneling channel, we
applied a magnetic field in plane to the sample surface te dhig tip into the normal con-
ducting region. A field of at leagB = 4 T has to be used to suppress the superconductivity
in the Nb microcrystal of the tip as shown in figlire .11 (b)uhspectra were measured
with an applied magnetic field in the range Bf = 4 — 7 T, which are plotted in figure
B.18. A step-like increase in thd /dV signal, broadened by the finite temperature and the
modulation voltage, is observed when the tunneling voleageedst F; /e as expected for
an inelastic tunneling process. A fit to the obtained datagusquatiofn 2,24 of chapter Z.B.3
results in excellent agreeing curves shown as black links fifting results are listed in the
table on pagé®4 and plotted in figlire .18. They show a surgrimear dependence of
the excitation energy; with the applied magnetic field.

To this end, we performed local tunneling spectroscopy @vith a superconducting
Nb tip and a metallic filament as hydrogen source. In an auditly performed control



92 Measurements with superconducting tips

=
~

di/dV [arb. units]
|_\
N

[

o
©

\ \ ! \ \
-1.5 -1 -0.5 0 0.5 1 15
tunneling voltage Y [mV]

Figure 5.16: Spectra taken on top of a hydrogen-attachedd@tia on Cu(111) measured
with a Nb tip which was driven into the normal conducting etiay applying a magnetic field
of B =4 — 7T thereby exceeding the critical field of the Nb microcrygtét = —2 mV,

It = 1nA,V, = 28 uV, T = 0.55 K). The IETS equatiofi 224 of chap{er213.3 can be
fitted (lines) in excellent agreement to the data (dots).

experiment, we have found similar results usingdds as a hydrogen source and a normal
conducting tip. We used a newly cleaned Cu(111) sample ohiohaa low coverage of
Co adatoms were dosed. Then, we induced purag#b in the room temperature UHV
chamber by a microvalve leading to a partial pressure of 1 x 10~ mbar for aboutt0
minutes. The shutter to the low temperature stage was ophmédy this time to allow the
H, to arrive at the sample surface. STM images measured witlhimat@onducting Ir tip
after the exposure show clear signs of hydrogen contaromatVe detect ubiquitous noise
which appears in images taken at higher tunneling voltegieslar to recent measurements
[43], and a halo-like shape around the Co adatoms as seemiaBglY (a).

Similar to the experiment described above where a filamestwgad as a hydrogen
source, we detected that a small quantity of the Co adatortts which hydrogen was
bound appear as protrusions in STM images with lower appé&ight compared to the
pure Co adatoms. The hydrogen could be detached from the &omady tunneling with
a high current exactly as in the earlier experiment. Tumge$ipectra obtained on top of
the hydrogen-attached Co adatoms reveal the same IET3deats observed with the su-
perconducting tip in high magnetic fields, as seen in fiquigl gright). The results of
a least-square fit using equatibn_2.24 for for the spectra aed for the experiments are
summarized in tablE®d.3 and in figuire 3.18.

The resulting values foF; show a non negligible dependence on the applied exter-
nal magnetic field. These observations lead to the assumittad the inelastic tunneling
channel has its origin in a spin-flip process. As it was rdgesfitown, single spin-flip spec-
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Figure 5.17: Left: Image of a single Co adatom (bright spotlaoCu(111) surface after
dosing H. A sombrero like circular structure is visible around thatadh (image size:

3 x 3nm?, Vo = 5 mV, It = 1 nA). Right: Spectra obtained with a normal conducting
Ir tip on top of a hydrogen-attached Co adatom at differengma#ic fields ' = —2 mV,

It =1nA,V,, =28 uV, T = 0.55 K). The lines are fits to the data (dots) using equation
ZZ4. The full colored lines are representations of the liga@idealized fof’ = 0 K and

no lifetime broadening.
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Figure 5.18: Graphical representation of the obserked Circle: averaged value from
measurements as shown in figlire 5.13; squares: data takefignoe[5.16; diamonds: data
taken from figuré 5.17. Blue line: linear regression usingdieom figurd 2. 16 B > 4 T);
red line: linear regression using all values wigh< 4 T.
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| BN | EilpeVE [ x | TulKl | |
0.0 325+ 25 | ~ 40% - superconducting tip, see figure 3.13
4.0 388+5 32% | 0.63 +0.10 | superconducting tip, see figure 5.16
4.5 415+ 5 23% | 0.54 +£0.10
5.0 438 £ 5 19% | 0.50 +0.10
9.9 461 +5 19% | 0.54 +0.10
6.0 479+ 5 19% | 0.58 +0.10
7.0 927+ 5 22% | 0.50 +0.10
0.2 354+5 78% | 0.52 £ 0.10 | normal tip, see figure 517 (right)
3.0 390 £5 55% | 0.53 +£0.10
7.0 499 £+ 5 28% | 0.51 £0.10

* The uncertainty in the determination &f; is mainly due to the finite stability of the voltage
generator for the tunneling voltadgg-. Except for the first line, the error of the fitting is only atbou
+2 peV.

Table 5.1: Summary of the data obtained on with hydrogectath Co adatom on Cu(111).

troscopy can be performed with STM resulting in spectralsinid the presented ones[40].
The spin-flip process can therefore only occur if the tumgeélectrons overcome the Zee-
man splitting energy with their kinetic energy and exchaifiggr spin momentum with one
3d electron of the Co adatom leaving it in an excited spirestat

Taking only the data obtained with the superconducting ttiipedds > 4T, as shown in
figure[5.16, and performing a linear regression of the form:

E; = Eo + g Bext, (5.20)

with Bet as the externally applied magnetic fieldas the gyromagnetic factor, apg; as

the Bohr magneton, results gn= 0.79 +0.02 and Ey = (209 £ 8) ueV (blue line in figure
B.T18). The form of the function is uncommon, because the aeesnergyF,; = g Bext,
increases linearly with the applied field without having eozield splitting termFE,. Ad-
ditionally, the result offl; does not match with the splitting observed in measurements a
B = 0 (figure[5.IB and blue curve [n5]17). For the data obtaindgl €t4 T, a least-square

fit using equatioi5.20 results i = 0.24 £+ 0.08 and E; = (339 + 12) peV which is
shown as a red line in figufe 5118.

The results of the above presented experiments are amlsigémiwe have seen, the
dI/dV spectra of hydrogen-attached single Co adatoms diffetidadly from the spectra
obtained on pure Co adatoms. While the latter show a well kneano-like lineshape due
to the Kondo screening of the magnetic moment, the hydregesched Co adatoms show
a IETS-like gap feature with an energy in zero fieldi€yf~ 340 pe

0ne could imagine that this dip is due to the Kondo effect wigtrongly reduced Kondo temperatdrg
and a symmetrical Lorentz profile, i. e. a Fano factoref 0. But an additionally performed fit on the data

at B = 0.2 T (figure[5IF) using the Voigt functiony = ao [ a2+((;’ipcf;)i)2)7t)2 dt/ [ e’;pz(;t;)dt , to take
3 3
into account the thermal broadening and the LorentzianeoKttindo resonance, results in a higher discordance

with the data than the IETS fit and in an Lorentzian width of@ditrzero € 1 neV'!).
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This energy is very small compared to vibronic excitatioergies, which are usually
at least one order of magnitude higher. Additionally, ttreréase in the differential conduc-
tance ateVy| > E; is, with 40% and78% (see tabl€5]3), much higher than for vibronic
excitations wherg, reaches usually only a view tenth of a percént [42] 35, 36].

Applying a magnetic field yields an increase of the char&tterenergyFE;, reminiscent
of spin-flip spectroscopy. As long as the magnetic field iatre small B < 4 T) the
corresponding slope, i. e. thiefactor, is very small. For higher magnetic fields, the slope
increases resulting ing@factor of0.79 4+ 0.02, much smaller than the gyromagnetic factor
for the free electron ojy = 2.0023. The small value might be due to influences originating
from the local environment. In planar tunneling junctiofagtors ofg = 1.1 andg = 2.6
have been found[216] and were shown to reflect a complexaictien between Zeeman
spin-flip scattering as well as Kondo screening. In the nressents with a magnetic field
of B > 4T, the observed jump in the conductivity -af; is with x ~ 20% (see tabl€5]3)
similar to the increase in spin-flip measurements on singiealtatoms{[40].

The edges of the step in tidé /dV signal are broadened due to the modulation voltage,
the temperature, and the finite lifetime of the excited spate. The results af;;; as listed
in table[5B have an average value™f, = 0.54 K, which agrees essentially with the
base temperature @f = 0.55 K, and limits the finite lifetime broadening & Ejifetime ~
0.1 K/kp. Thus, we find a lower limit for the lifetime of spin-flip exation of r > 80 fs.

To summarize, we have to admit that the origin of the obseeféett is unclear. It
might be a superposition of at least two different effectscivlare necessary to explain the
curve shown in figurB5.18. The role of the hydrogen is theeefoostly unknown, except
that its presence strongly influences the magnetic atasbof the Co adatoms which are
reflected in the spectroscopic measurements. Further mesasnts are recommended to
analyze the system in greater detail which was not possiléetal the time limitations of
the three months stay at IBM.

5.4 Novel subgap structure in asymmetric superconductingun-
nel junctions

For more than 40 years the subgap structure of superconduatsulating—superconduct-
ing (SIS) tunnel junctions has been in the focus of expertaieand theoretical investiga-
tions [217]21B]. Due to the difficulties of planar junctidiesclearly manifest Andreev re-
flections, break-junction experiments were used extelysi¥83,[219/ 220, 221]. In break-
junction experiments, the coupling between both supenectiods is varied continuously,
a necessity for a thorough understanding of Andreev refllest|{222 [ 22B], 244, 225] and
Josephson supercurrehf [166]. However, break-junctiomshais far limited tasymmetric
tunnel junctions, in which the superconductors have eqalamergies.

On the other handhisymmetricdunnel junctions are of interest because they are predicted
to show new spectroscopic features due to the loss and timéngpef new Andreev reflec-
tion processes$ [226, 2R7]. Asymmetric tunnel junctionslzarealized by STM techniques
by using different gaps in the tip and sample, and the coggdgtween the superconductors
can be varied by changing the tip-sample distancel [185,1%%)]. STM techniques have
the additional advantage that they may be extended to soadyly how the presence of
magnetic structures as small as a magnetic adatom in thes&8gn influences the multi-
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Figure 5.19:d1/dV spectra observed &t = 0.56 K between a superconducting sample and
tip with nearly equal gapsX; = 1.47 meV, A, = 1.27 meV) showing Andreev reflections
for different junction resistances. The peak evolving/at= 0 is due to the Josephson
supercurrent. The dotted lines are a guide for the eye ntadtiaracteristic features in the
spectra. The spectra are shifted vertically with respeettdh other for better visibility.

ple Andreev reflections [228] as we will discuss in secfidi 5o far, however, STM has
only been used to detect Andreev reflections in symmetricdbjunctions[[155, 186].

Here we present SIS measurements on asymmetric niobiungltiumttions made by
controlling the size of a superconducting microcrystaeted to a normal conducting tip as
described in sectidn 5.1.1. Due to finite size effects|[2238] &f the tip-attached microcrys-
tal, its superconducting energy gap is reduced with redpebe bulk sample value. Novel
peaks inthell /dV spectra at energies af| A; — A,| arise at low junction resistances when
the difference betweenh; and A, is sufficiently large. This surprising spectral feature is
not due to thermal excitations of the quasi-particles bekfdained within the framework of
Andreev scattering (see sectlonbl1.3) and the conceptla@idiunting statistics[[231, 232].

Figurel5.ID shows a set @f /dV measurements using a tip with a superconducting gap
of Ay = 1.27 meV atT = 0.56 K and different values of the nominal junction resistance,
Rp, which were determined outside the gaplat = 5 mV. By successively reducing
the resistance and thereby increasing the coupling betiteetwo superconductors, we
observe the evolution of subgap conductance peaks at ¢hastic energies of-Aq, +A,
and+(A; + As)/3. Also observed is the peak &t ~ 0 corresponding to the Josephson
supercurrent, which will be discussed in more detail inisedb.8. These are the first
observations of Andreev reflections in asymmetric supetacting tunnel junctions, which
are predicted to occur at energieg\; /n, £A,/n and+(A; + Az)/(2n + 1), wheren is
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Figure 5.20:dI/dV spectra similar to the measurements shown in figurd 5.1®Hzerved
at slightly higher temperature of 1.2 K and with a gap of tipeofi A, = 1.00 meV, i.e. a
ratio of A /A; = 0.68. Due to the higher temperature the subgap features aredyrtvesth
in figure[5.19. The spectra are shifted vertically by two simitth respect to each other for
better visibility.

an integerl(|226]. The Andreev reflections representing tiserved subgap peaks & 1)
are represented schematically in figlire .23 (a)(i-iii).

Figurel5.2D shows a similar set@f /dV measurements using a tip with slightly smaller
superconducting gap @k, = 1.00 meV and a base temperaturelo? K which is about
two times higher than the above described measurementdaSionthe data in figurE5.19,
we detect conductance peaks at the energjids, +A,, and+(A; + Ay)/3. Compared to
the measurements of figure 9.19, the peak intensity is desde@specially for the curves
at lower junction resistanceR. Additionally, the peaks are broaden which is a direct
consequence of the increased temperature.

In figure[5.21, the subgap structure observed for a tip wittap A, = 0.32 meV
~ 0.21 x A is substantially different. While the peaks-af\; and+A, are still present,
the peaks at-(A; + Ay)/3, corresponding to an energy of ababd.60 meV, are barely
visible. Surprisingly, peaks at(A; — As), corresponding te-1.15 meV, appear at lower
junction resistances. These new features are not presgmidtions with a gap ratio closer
to one (figurd 519 and5.P0). Notice thdty; = A; — A, does not correspond to any
threshold voltage of a multiple Andreev reflection process] thus the nature of these
peaks must be different from the peaks discussed above.

In order to clarify the origin of this novel spectral featunee measured the temperature
dependence at constant junction resistance, which is sindigure[5.22 (a). As the temper-
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Figure 5.21: Full linesdI/dV spectra measured between a Nb samfdle € 1.47 meV)
and a tip with a small gapX» = 0.32 meV) at 0.56 K and different junction resistances.
Dashed lines: Results of the single-channel multiple Aedreflection theory of reference
[225]. The transmission coefficientis determined by the correspondifity-. Vertical lines
and arrows: A guide for the eye to mark a new feature @h; — As).

ature increases, all features smear out and the supercpeak as well as the peaksaf
andA, diminish. Above approximately 1.5 K, the height of the peaka — A, increases
significantly due to thermally activated tunneling of segluasiparticles [173, 1i74], while
below 1.5 K the intensity of the peak stays constant indiggthat at low temperatures the
novel peak is not due to thermal excitation of quasipasicl€he structure of thél /dV
spectrum with the characteristic peakedf = A; + A, is still visible at a temperature
of 3 K in contradiction to a critical temperature Bf = 2.1 K for a BCS superconductor
with A = 0.32 meV. Figurd 5. 2R (d) shows the unusual temperature behafitp, which
is presumably due to the small size of the microcrygtall[238]spite of this anomalous
behavior, thell/dV spectra of the tips measured against a Cu(111) sample ceulclb
described by the standard tunnel formula assuming a bulk @fSity of states for the tip.
An example is shown in figule 522 (c) for a tip with a gaafl meV atT = 0.56 K.

Using the known gap&; and A, from sample and tip, the temperature, and the junc-
tion resistance as parameters, we have calculated the @ande using the single-channel
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Figure 5.22: (a): Temperature dependéhtdV spectra observed & = 50 k2 between

tip and sample as in figufe’5]21. (b): Results of the full cmgnstatistic theory with

7 = 0.26. Vertical lines: A guide for the eye marking th¥, + A, positions at 0 K. (c):
Spectrum of the superconducting tip measured against aahoonducting Cu(111) sample
at 0.56 K withV},,,q = 70 uV (full line) and BCS simulation using equatiénb.6 with the
parameterd\ = 0.41 meV,T = 0.6 K (dashed line). (d): Dots: Temperature dependence
of the superconducting tip gaj,. Full line: BCS calculation.
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Figure 5.23: Schematic representation of the most prorexunultiple Andreev reflections
in asymmetric superconductor-insulator-superconduttonel junctions [(a):As/A; ~
0.8, (b): Ay/A; =~ 0.4] and their threshold: (i): AeV > A, an electron €) tunnels
from the left superconductor into the right superconduetad is reflected into a holé)
by creating a Cooper pair in the right superconductor. @):eV > A; a hole tunnels
from the right superconductor into the left superconduetud is reflected into an electron
annihilating a Cooper pair in the left superconductor. ):(iiTfwo-step process atV’ >
(A1 + Ay)/3 involving the tunneling of 3 particles and the creation of @o@er pair in
the right and the annihilation in the left superconductr): (Special case of the two-step
process shown in (iii), where the left Andreev reflectionegblace just inside the gap of
the left superconductor. This case is only possible in jonstwith As /A < 0.5.

multiple Andreev reflection theory of reference [225] (Figie. 21 dashed curvﬂ.ln the
calculation we only consider the dissipative current, dretdfore the supercurrent peak
does not appear in the simulation. Moreover, for the figli2d &nd 5.2R we have used a
small imaginary part of the energy & 0.01A,) to simulate the voltage modulation of the
experiment and the finite lifetime of the quasiparticlese(squatiori 5]6). Notice that the
theory reproduces the peak structure of the data and spdlgifibe feature at\; — As.
However, most of the peaks appear to be more pronounced icatbelation, which we
attribute in part to the fact that the Nb microcrystal atttho the tip is not a perfect BCS
superconductor, as we assume in the theory (see for instaaadfference between mea-
surement and BCS-fit in figufe"5]22 (c) and (d)). On the othedh#ollowing reference
[219], we have performed fits including several conductibarmels, but in this case it did
not improve the quality of the agreement.

12This was done in collaboration with C. CuevasUniversity of Karlsruhe.
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Figure 5.24: Calculated current contributiohsto the overall tunneling current,,,,, (full
line) of multiple Andreev reflections ai-th order in a junction withA,/A; = 0.21 and a
transmission coefficient af = 0.2 at a temperature of 0 K using a full counting statistics
simulation. The arrows and the vertical lines mark energibsre peaks in the spectrum
occur.

For the simulation in figurE5.22 (b) we calculate the/dV spectra with a BCS-like
spectrum of the superconducting sample and the meas\w€t) (figure[5.22 (d)) for the
tip. There is a good overall agreement, although the pedi das clearly much higher in
the theory.

To get a deeper understanding of the origin of the new peak;at A, we use the
concept of full counting statistics . As shown in refereriZg]]], the total current],,,,,,, can
be written as a sum of the individual contributions of the PeeV reflections of different
order, i.e.

Toum = ZIn. (5.21)

Here,I,, is the current contribution of a tunneling process invaiMine transfer of. electron
charges and the occurrencerof- 1 Andreev reflections, and it can be expressed as

_26

(V) ==

eVr
/ nP,(V,E)dE, (5.22)
0

where P,,(V, E) is the probability of the:-order Andreev reflection process. The proba-
bilities can be obtained by means of a generalization to $genenetric case of the recipe
described in referenc&[231]. In figure_3.24 we plot the totatent and the main con-
tributions I, for a junction with a gap ratid\s/A; = 0.21. We assume zero tempera-
ture and a transmission coefficientof= 0.2, which corresponds to a junction resistance
Ry = 551 = 64.5kQ, with 5% = Gy! = 12906 Q as the inverse of the quantum conduc-

tance. The peak ak; — A, originates mainly from the large increaselgfat this voltage.
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Figure 5.25: Full counting statistics calculation of #g/dV -signal in an energy range
betweerh < eV < 2A; between two superconductors with different gap raflegA; at
a temperature df’ = 0 K and a transmission coefficient of the junction7of= 0.25. The
intensity is coded in color (see inset). Peaks\at Ay, andA; + A, are visible for all
gap ratios, while the peak dt; — A, only exists for a ratiad\,/A; < 0.5 and the peak at
(A1 4+ Ag)/3 diminishes for a ratia\2/A; < 0.3.

As illustrated in figur€5.23 (b)(iv), such an increase is e fact that foeV > A1 — A,

the two Andreev reflections involved in this process can pauside the gaps, which im-
plies an enhancement of their probability (see fidureé 5.&j@e5.1.8). Order 4 processes
also contribute strongly to the feature&at — A,: The peak inl, evident in figurd 5.24
results in a marked change in the lineshape ofith&lV peak atA; — As. So in short, we
propose that the peak At} — A, is due to the enhancement of the probability of a multiple
Andreev reflection of order 3, which transfers 3 electrorrgba and involves two Andreev
reflections|[[165].

On the other hand, in contrast to the data shown in figured &ntig5.2D, where the
ratio between the gaps is nearly equal, none of Khgroduces a significant feature at
(A1 + As)/3. In particular, the jump i3 is only aboutl0—2 x I,,,, because at the onset
of this process one of the two Andreev reflections takes matsde the gap, which makes
this process quite unlikely (see figlire 3.23 (b)(iii)).
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Figure[5.2b presents in a color coded map the calculatederdeflectionsdl /dV
maxima) for a superconducting-insulating-supercondgctiinnel junction of transmission
coefficientr = 0.25 as a function of normalized junction voltage for gap ratibg/A;
between0.05 — 0.95. At an energy ofA;, As, and A; + A, Andreev reflections are
developed at all ratios. For a ratio 0.3 a maximum a{A; + A,)/3 is clearly detectable,
while it diminishes for smaller ratios. A maximumAg — A, occurs for allAy /A < 0.5
and vanishes completely when the gap ratio exceeds 0.5. cahluslation is in excellent
agreement with our observed spectral features presenfiepired 5. 1P 5.0, ald 5121. For
the first two with a ratio oA, /A; = 0.86 and0.68, three peaks inside the gap are located
atAq, Ag, and(A; + As)/3, while the peak af\; — A, does not exist. For the latter, we
observe the\; — A, peak, while the peak &\; + Ay)/3 is very weak.

To summarize, using a low-temperature STM for the creatiwh éharacterization of
asymmetric superconducting tunnel junctions we gained ingight into the physics of
Andreev reflections by analyzing in detail the observed apbstructure. In particular,
for junctions with a relatively small gap ratid,/A; < 0.5 we observe novel peaks at
eV = +(A; — Ay), which are not due to the thermal excitation of quasipasicl All
observed subgap features can be understood as Andreetioefiewithin a full counting
statistics model.

5.5 Magnetic impurities in superconducting tunnel junctions

Measurements using a superconducting tip to probe singégetia impurities on normal
conducting samples show only a convolution between theipaidicle excitation spectrum
of the tip and the LDOS of the sample adatom system, as we thavensin sectiof 5.212.
In particular, no influence on the superconducting gap waectkt.

Nevertheless, interactions between the magnetic momergiafjle atom and the super-
conducting phase are expected and were detected in spdaradn top of adatoms hosted
on a Nb sample which is a classical superconductor! [157] antb® of Zn impurities on
a high{ ¢ superconductor [234] by probing with normal conductingstipn both works
midgap states inside the superconducting energy gap wezetee localized at the position
of the magnetic atoms.

5.5.1 A Single Co atom attached to a superconducting tip

Here we present first results of a similar experiment usingpei£onducting tip on which
a single Co atom was attached to the apex by using atomic oiatign technique< [147].
These measurements are in a way the mirror experiments efdHeof A. Yazdani et al.
[157] and were originally proposed by [206].

Figure[5.Zb(a) showd!/dV spectra of the superconducting Nb tip prepared with a
single Co atom picked up onto the apex measured againstraCled 11) surface at a base
temperature of’ = 0.6 K. The spectra were taken at different tunneling currente/éen
1 nA and20 nA which corresponds to tunneling resistances between- 250 kQ2—5 MQ.
They reveal three subgap peaks at energies of approximately, 0.0, and+0.45 meV.
The amplitude and the position of the peaks as well as theathferm of the spectra are
identical for all curves showing that the physical processctv produces the midgap states
is only negligibly influenced by the coupling strength of thaneling process.



104

Measurements with superconducting tips

1.4

o =
o¢) [ )

di/dV [arb. units]

o
o))

|
-2 0 2 4
tunneling voltage Y [mV

di/dV [arb. units]

o
[N

o
T

I
Co/Cu(111) 1

~

. -0.64 mV
0.64 mV

-0.32 mV

o

\
-2 0 2 4
tunneling voltage Y [mV]

Figure 5.26:d1/dV spectra taken with a superconducting tip & 1.27 meV) on which

a Co adatom was attached at the apex. (a): Curves obtaindifieatrtt setpoint currents
It against a clean Cu(111) surface. (b): Spectrum of the sgmat fir = 1 nA after
the change of the position of the attached Co adatom reviealsggspeaks originating from
midgap states at an energytoh /2 (blue curve). The intensity of the midgap states are
drastically reduced when the Co/Nb tip is placed over a st€@matom which is adsorbed
on the Cu(111) surface (red curve). Tunneling parameférs= —5 mV, V,,, = 71 uV,

T=06K
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While the stability of the tip with an attached Co atom is quibod and allows one
to perform measurements using tunneling resistances doaiiew hundred &, the exact
position of the Co atom and the local environment on the aparaims unknown. Different
sites of the Co adatom on the tip apex result in strongly chdrgpectra. This is clearly
seen in figur€5.26 (b) where the spectrum of a similar tipast@dl as a blue curve. This
tip shows much stronger peaks+af.64 meV, while atV = 0 a dip is detected instead of
a peak as seen in the spectra of fidurels.26 (a).

While in the previous measurements [of [157] the subgap peea&tgre was only seen
when subtracting the unperturbed BCS-like spectrum of ifhéréom the measured data,
the spectra of both tips in figuEe 5126 reveal clearly detdetenidgap states directly in the
dI/dV curves without further manipulation. We attribute the strer pronouncing partly
to the much lower temperature used in the presented work.

Using the model described in’[206], we can assign the synitaktppearance of the
midgap peaks to two spin-polarized states localized at

aA
V1+ a2’

with €; » = £0.64 meV as the position of the midgap states resulting iaan 0.577 for a
superconducting tip witth = 1.27 meV. The splitting is the result of an exchange coupling
between the magnetic moment of the adatom and the paireggtades [235] 236].

J. Smakov et alcould simulate the results of the earlier experim2nt[157¢aracter-
izing the exchange interactidit’ between the impurity and the conduction electrons of the
host Nb sample and the on-site potentigiwhereby both energies determine the parameter
« [208]. Here, we have not performed this analysis due to tlreproducibility of the tip
spectrum.

The appearance of the spin-polarized states can be addigi@xplained by introduct-
ing a spin-mixing angl® which describes the rotation of the quasiparticle spinantiag-
netic adatom[[228]. Within this description, the positiohntlee midgap states are given

by

€12 == (5.23)

€12 = £Acos (%) , (5.24)

leading to a spin-mixing angle & = %w for the presented data of figure 5.26 (b).

There exists another interesting result: Using the tip Withattached Co atom to mea-
sure thedI/dV spectum on top of aecondsingle Co adatom supported on the Cu(111)
surface reveals strongly suppressed midgap states (seemadin figurd5.26 (b)). This
result is surprising considering the obtained spectrumamb@ Cu(111) using aleansu-
perconducting Nb tip in which the Kondo resonance was cledgtected (see figufe 5110
in sectiof5.211). The reduced intensity of the midgap state; » can be understood by
assuming similar spin-polarized states in the sample aserrapex of tip and antiferro-
magneticcoupling between the two Co adatoms. Thus, the formatiohefitidgap states
is suppressed.

5.5.2 Localized states in a superconducting junction indued by a Co atom

While the reproducibility is not given in the case of supemhacting tips with an attached
magnetic adatom, but magnetic atoms in superconductingfiuns are of interest for the
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Figure 5.27: Set oflI/dV spectra measured with a superconducting tip on top of a Co
adatom supported by a superconducting Nb(110) sample. dnreling resistancé?

is changed between the different curves. The green (bottame gives a reference of

a superconducting— insulating—superconducting spectiserved on the clean Nb. For
clarity, all curves are shifted vertically with respect tch other. The arrows mark midgap
states inside the gap.

understanding of the interactions between supercondiyctiwd localized magnetic mo-
ments, we performed measurements between a supercomdiittisample on which a low
quantity of Co adatoms were dosed and a superconducting tip.

The spectra obtained in such superconducting—magnetimraggacuum—supercon-
ducting (SMIS) junctions are presented in figlire 5.27. Theobo curve, plotted in green,
is measured at a lateral distance of at I€asin from any Co-adatoms at a relatively high
tunneling resistance d¥; = 2.5 MQ. It reveals the quasiparticle gap2fA; + As) width
and strong peaks &t(A; + As) due to the convolution between the quasiparticle excitatio
spectra (equation3.6) of tip\; = 1.47 meV) and sampleX, = (0.95 £ 0.05) meV) as
discussed in sectidn 5.1.3.

The set of blue curves are taken on top of a Co adatom at siagseduced tun-
neling resistance®. They reveal a sequence of peaks located inside the gamabiog
the coupling between the tip and the sample, i. e. reduéiipg shifts the peak energies
closer to zero while new peaks occur (see colored arrow$pedks appear symmetrically
around E'r but with variable intensities. This is especially given the peaks closest to
Er marked with blue arrows which are barely visible at negativeeling voltages. The
peak position scales thereby almost linear with the trassion coefficienty = TIRT (see
figure[2.2Z8 (a)).

To rationalize the observations, we will focus on the cumkeh atRr = 2.5 MQ
at first. At this tunneling resistance the two supercondsctye only weakly coupled,
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Figure 5.28: (a): Energy of the peaks found in figureb.27. liftes mark the linearity with
the transmission of the junction (b): Calculated spin-mixing angi® for the data in (a)
except for the low energetic square points.

and two shoulders are detected at an energy-207 meV. These energies correspond
approximatively to the positions one would expect if the Catam on the Nb sample
produced a spectum similar to the one shown in fi§urel 5.26 mitgap states located at
e ~ Fr =1 meV and a BCS-like spectrum of the tip. Due to the convolutbthe LDOS

of the tip and the sample (see equatioll 2.9 on fhage 8) peakéat + ¢) ~ +2 meV
should appear. But while the spectra in the measurements amtormal conductor as
one electrode stayed unchanged at higher setpoint cuseatfigurd 5.26 (a)), the peak
positions in the SMIS measurements change remarkably arltaneling resistances,
i.e. increased tunneling current, as shown in figurel5.27eéially, the observation of
peaks at energies with an absolute vaoellerthan the superconducting gap energy of the
probing tip (see blue arrows in figute 51 27) clarifies thatuhderlying process must be an
interaction includingooth superconducto

Remarkably, the previously detected appearance of peaksigarconducting—insu-
lating—superconducting junctions due to Andreev refl@stiorocesses at the fixed energies
given by+A; /n, £Ay/n, and+(A; + Ay)/(2n + 1) (see sectio Bl4) are not observed.
Additionally, no supercurrent peak arises at low tunneliegjstances. These observations
clearly indicate that the magnetic Co adatom has a strongeinde on the interaction be-
tween both superconductors.

While itis possible to calculate the spin-mixing an@levith equatiod 5. 24 for the peaks
at energies outsite the gap widfky, when assuming the above mentioned assumption of
a simple convolution of the quasiparticle spectrum of tighwhnidgap states in the sample
(see figurd_5.28 (b)), this model can not explain the weak pe@krked with blue arrows
in figure[5.2ZY. Additionally, notice that the low energy pealte not explainable with an

13As long as the tip is only a probe for the sample states tharaegexist anyll /dV signal in an energy
ranget+A-. This is for example seen in the simulation of the IETS sigmakctio 5B and illustrated in figure

BI3.
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Andreev scattering model which includes the additionat-sglective states induced by the
Co adatom leading to subgap stateé/&t + ¢)/n, (A1 + €)/n, and2¢/n (n € 2) [228].

Nevertheless, the observed spin-mixing argléor the most pronounced peaks points
towards a variabl® — 7 transition of the magnetic adatom depending only on the lazyp
between both superconductors [237,1228].

5.6 Analyzing the supercurrent

As discussed in the theoretical part for superconductisgiating-superconducting tunnel-
ing (see sectiof’5.1.4), not only quasiparticles but aullitiy Cooper pairs can cross the
junction leading to a Josephson supercurrentfllV measurements, the supercurrent is
detected as a sharp peak at zero voltage. This feature ibyclésible in the subgap struc-
ture of figured 5. 19=5.21 (sectibnb.4), especially in thevesi obtained at low tunneling
resistances.

5.6.1 Experimental findings

To get a deeper insight into this phenomenon, we performgld tesolution spectroscopic
measurements between a superconducting tip with a gap widity, = 1.27 meV and
the Nb sample4; = 1.47 meV). To achieve energy resolutions of a feeV, all exper-
iments were done with a setup that eliminated all sourcedeatrenically and thermally
generated noise as far as possible. Thus, the experimemt® whrformed at the lowest
attainable base temperaturelof= 0.55 K and by recording directly thé— V' curves with-
out a modulation voltage added to the applied tunnelingagalt Additionally, all electrical
instruments and devices which were not essential to pertbarexperiment and data ac-
quisition were switched off, disconnected from the povireg;land removed from the STM.
With this preparation the influences of magnetic and eledtay-fields on the obtained
data were minimized.

The electrical wiring, together with the output impedatite of the voltage generator,
the input impedancé- of the I — V' converter, and the HF-filters between the tip and
sample on one side, and the voltage generatorfand” converter on the other side results
in an overall serial dc-resistivity adRg = 4.3 4+ 0.1 k2 (see the simplified circuit diagram
of the electrical set-up in figule’5129 (a)). To eliminate tlodtage drop onRg, the raw
data points {, I7) have been corrected to obtain the true junction voltegeising the
eqguation

Vy = Vs — RsIr(Vp) 4 (5.25)

Figure[E3D shows a set é¢f— V' curves taken at different tunneling resistanégs
For each value oRRy the forward and backward pass of the voltage sweep frdnd mV
to +1.5 mV are shown. Slightly different forward and backward cgree the lowest tun-
neling resistances and at higher voltages are due to sniftdl idrthe tip sample distance.

4ysually, this voltage drop is automatically corrected by tata acquisition software (using the so called
“smart” mode) by applying a slightly higher voltage to thagtion depending on the actually measured tunnel-
ing current/r. This clever correction must fail when the differential gtion conductivityd! /dV approaches
infinite values as it is possible in Josephson junctions.
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Figure 5.29: (a): A Josephson tunnel junction represenydtidr< symbol in a simplified
electronic set-up of the STM. A voltagés is applied over &RC' network to one electrode
(for example the sample), while the current is detected esdrond electrode (for example
tip) and processed in a current-voltage converter to a gel{aroportional to the initial
tunneling currently. (b): Simplified electromagnetic resistively shunted jimt (RSJ)-
model of the environment in which the Josephson junctiomibexided and which is used
in the simulations.

These small changes of less than 3% during the acquisitiom ¢if aboutl minute mean a
variation of the tip sample distance of approximativélpm (see equatidnd.1 on page 4).
This variation is very small and is a proof of the extraordinstability of the apparatus as
well as of the superconducting tip. The tunneling resistivk was calculated by using
the setpoint current at an applied voltagelgf = —5 mV before opening the feedback
loop and performing the sweep. The internal resistaRgavas taken into account for this
calculation.

All curves are symmetrical to the origin. With the exceptmiithe data set obtained
at Rr = 4600 (, all spectra show characteristic steps at the voltdgess +0.9 mV
andV; ~ +1.25 mV which correspond to the threshold energies of a multiptelr&ev
reflection process at A, and+(A; + As)/3 (see chaptdr’5.3.3). The absence of these
features in the curves with the lowest junction resistamekthe almost linear slope (except
for the supercurrent branch) which corresponds to the tju3,, indicates that the tip
during this recording was no longer in tunneling distanceitelectrical contact with the
surface. Nevertheless, the junction still shows tunndbielgavior atR; = 8200 2 which is
sufficiently smaller than the lowest resistance for whicingle channel atomic junction is
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Figure 5.30:1 — V curves of a superconducting-insulator-superconductingtjon at dif-
ferent setpoint resistivitieR . All spectra are recorded @t= 0.55 K. Inset: The maximal
dc-supercurrent over junction resistivity show&a? behavior. (The curve corresponding
to Ry = 46 k2 is not shown.)

still in the vacuum tunneling regime and which is given appratively by the inverse of

—1
the quantum conductan(iiég1 = <%) = 12906 2 [219]. Thus, we have to assume that

the atomic tunneling contact between both Nb electrodesihiaais2 — 3 channels which
contribute to the tunneling current. This assumption isgreament with break-junction
measurement§ [221].

As expected, all curves show a zero-voltage current whiabhes a maximum value
Iwax before it switches to the dissipative branch. The maximasufwercurrent can be
calculated from the junction resistance with the empirapliation

Inax = (2.2 £ 0.2) x R>040.08 [2.0450.088] (5.26)

in good agreement to the data as shown in the inset of figuf® 5TBe obtained max-
imal supercurrents are much smaller than the critical swpeent [, calculated with the
Ambegaokar equation 5116 (for a comparison see fable 5.2age[fllV). Additionally,
equatior’ 2.6 predicts a maximal supercurrent which switésR;l and not with the ex-
perimentally obtainedR;Q. These findings can only be explained in a junction model whic
includes the electromagnetic environment of the STM anditlie temperature (section
5.6.2).

Figured 5.3I7[[5.38, arld 5139 (padeslIZI}-123) exhibit blesvaf the positive super-
current branches for junction resistancess @fks2, 10.3 k2, and16 k2, respectively. The
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top panels of the figures show the raw data as they were oltainéhe experiments, i. e.
without the correction ofRg. Starting from the origin by increasing the voltage, a linea
progression of the current with a slogé/dV = 1/Rg is detected which reaches its max-
imum and drops than suddenly to smaller values (black détsjmilar jump occurs again
at slightly higher bias voltage. While this double step&tuee is clearly visible in the mea-
surements wittRy = 8.0 k2 and Ry = 10.2 k{2, it is barely detectable in the curve taken
at a junction resistance @t = 16 k.

This double step structure is also detected in the backwasks (red dots), but it
appears at different energies leading to a hysteresis Idoghvis clearly visible in figures
and’5.38, but only slightly evolved in figire 3.39.

The curves shown in the lower panels are obtained afteratorgethe data with equa-
tion[5.25. The appearance of the first step is easily undmtdig the load-line of the voltage
generator together with the serial resisity and the negative differential resistance regime
which follows the maximal current. Figure 5131 shows a sated supercurrent curve using
an equation of the form;

Vv

I(Vy=A——
V)= A v

(5.27)

which was used to describe the supercurrent in STM expetswéth Pb—vacuum—Pb junc-
tions [185/23B]. We obtain a curve similar to the one meabaté = 8 k2 (figure[5.3Y)
with the empirical parameterd = 2.31 AV and Vp = 32 uV. For the explanation of the
load-line induced jump in the supercurrent the meaning anvation of equatiol 527 is
not crucial and will be addressed in section 3.6.2.

Whereas for each applied bias voltagg infinite pairs of junction voltagé’;, and
current values are available which fullfill equatidn_5125, and whaile located on the
load-line as shown in figufe 5131 (black lines), there exisbys of instability in the system.
Approaching the origin from negative bias voltage, suchiatpaf instability is reached in
the example al/p = —0.227 mV. IncreasingVz above this point leads to an abrupt jump
of the current/ and the junction voltag®’; (arrow in figure[5.3ll). At the positivé — V'
branch a jump occurs too, but herd/at = 0.255 mV, i. e. at slightly higher absolute value.

To conclude, the first jump and the hysteresis, which ardleisn all raw data, are
effects of the finite serial resistané®;. Some scattered data points in the lower part of fig-
ured5.3EL.39 which are visible after the correction aeetduhe relatively long response
time of the current detection system and are artifacts. Aepewroltage generator together
with a serial resistoRRs — 0 would lead to jumpless curves without hysteresis. Neverthe
less, only the first jump is understood with the model presgthiere. The simple equation
together with the load-line argument is not adequatiesaribe the appearance of the
second jump.

Additionally, it is important to mention that in break-juran experiments the junction
is usually driven in constant current mode which hindersdhservation of the detailed
I — V curves close to zero voltage presented here (see figurk. 5E3Hecially, to my
knowledge there is no literature available that has obsejwaps whose positions scale
with the inverse junction resistance as detected in therlpaeel of figure§ 5.37=5.B9. The
observation of a step ifh — V traces of Pb-PbO-Pb point-junctioris T182] might have the
same origin as in our observations, but was not discusselebguthors.
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Figure 5.31: Simulation of the supercurrent in a Josephsantipn using the equation
I(V) = A#v; [185,[238] with A = 2.32 AV and Ve = 32 pV to obtain a curve
similar to the data shown in figule’5137 Due to the serial t@siRs which determines
the load-line of the voltage source some points onlthel” curve are unstable. For each
appliedVg, pairs of ([, V) exist which fulfill equatiod 5.25(black lines). If the siepf the
supercurrent curve exceeds the slope of the load-line jurapsr which are indicated by
blue arrows.

5.6.2 Theoretical model

To include the electromagnetic environment, the resistigad capacitively shunted junc-
tion model (RCSJ-model) 239, 240], has been adapted to SHEslsorements following
the idea in[[Z241].

The starting point is the simplified junction model drawn guiie[5.2P (b). It includes
an ideal voltage generatdfz and a noise sourc®,.s. in which all thermally Nyquist
noise of the resistors) and electronically generated sase summarized. The complex
multipoles of the electrical environment is simplified byzd' combination parallel to the
Josephson junction, while the voltage drop is taken int@acthby the serial resistaRg.
According toKirchhoff’s law, the currenff can be written as the sum of the partial currents:

vV v
I:IH—i—IC—i-IJ:R—“i—FCd—;—FIOSin(S. (5.28)

Using equatiofi 5,14, which describes the ac-Josephsoct,dfie voltage’; can be elimi-
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Figure 5.32: Typical — V curve measured in an Al break-junction experiment. The data
(dots) were obtained &t = 17 mK (inset atl’ = 370 mK) in constant current configuration
and show a large hysteresis. The system switches from tleeaupent branch &t ~ 0

to the dissipative branch to a relatively higth ~ 270 nV (dotted line with arrow). The
full line is a fit using full counting statistics with 3 indepeent tunneling channels and
transmission coefficients af 3 = 0.52,0.26,0.26. The critical supercurrent is calculated
to Iy = 25.3 + 0.4 nA. Figure and data are taken from [184].

nated leading to a differential equation of second order:

d25 ©®o dd
I =9p)C— + —— + Iysind. 5.29
P s + Ry dt =+ lp sin ( )
For small phase amplitudesmod 27 < 1 the Josephson junction can be seen as a
linear inductancd. = ¢y /Iy and equatiofl 5.29 has the same structure as the well known
harmonic oscillator with dampi

I d*s L d§
— =LC— + — — +sind. 5.30
e TR T (5:30)
The resonance frequency
Wi _* R (5.31)
0 .C A JL&C, .

and the quality factor

C E
Q= Ry\/ 7 = Golyy/ —QEJC (5.32)

5The analogy to an inductance is of course limited. One hasep kn mind that for an electrical inductance
the characteristic equatioi,q = L% connects the induced voltage with the time derivative ofdheent
while the analogy presented here links the voltage withithe terivativedd /d¢ of the superconducting phase
difference.
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Figure 5.33: The “tilted washboard model” of a Josephsowrtjan. (a): At = 0 the

“particle” has its stable configuration &tmod 27 = 0. (b): For0 < I < I the particle
which might gain some thermal energy has a higher probghiitmove downhill than
uphill. (c): When the currenk exceeds the critical curreid the particle can run downhill
only damped by the viscosity of the medium.

determines the Josephson junction. The ratios betweensgepldson binding enerdy; =
%IO, the electrostatic charging enerdgyy = %C—l, and the thermal energypT are
governing the dynamics at finite temperature.

The Josephson binding enerd@y; gives thereby an energy scale for the coupling be-
tween the different phases of the two superconducting reldes. It depends linearly on
the maximal supercurredt, (equatior 5.16) and is directly related to the supercomaigict
order parmeters\; 5 of the two superconductors and the junction normal staisteexe
Ry [180].

The electrostatic charging enerdy- is the necessary energy to change the number
of electrons on the capacit@ by one. This capacity is very low in the case of small
junctions such as those given in STM between the tip and timplsa For a junction with
an internalC' = 2 fF the charging energ¥’c ~ 50 ueV is of the order okgT with T' as
the temperature of the experiméfit.

A different analogy can be drawn between the descriptiorhefXosephson junction
as in equatiofi.’5.30 and a particle of “masgg’c, moving in a potential landscape that
reminds one of a tilted washboaid [242, 173] with:

I
U(6) = —Ejcosd — 2—6. (5.33)

e
The particle is hindered by a “viscosity” proportionalzﬁeéRfl and can perfornBrownian
motion due to statistical excitation given by the noise seun figurd 5.20(b).

When only a small current is applied, i. e. the washboard is only slightly tilted (figur
(b)), the system stays mainly in one well of the potétdizdscape with an average

8Note that the capacities of the external filRE'-networks (see figule2.R9 (a)) are not part of this capacity
because they are only weakly coupled to the junction in teguency rangesy] ~ 10'° Hz in which the
charging and discharging of the junction takes place.
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given by the Josephson equatiba= I sin § (equatior’5.113). Due to the noise term, statis-
tical fluctuation exist which lead the particle to move in afprred direction and produces
an average voltagd/) = oo (£) # 0

By increasing the currertover the critical supercurreid , the system will be in the so
called “running state” (figurE5.B3). The current is stilivgoned by the averagg (sin ¢)
whereby the voltagel’) determines the average speed of the particle.

To calculate the dynamic behavior of the junction includihg noise term is difficult
and only analytically solvable under restricted assumnmgtid\s it was shown b#. Joyez et
al. in [241], this can be done by assuming the following simpdifiens:

e While E; and E- are of the same order of magnitude, the electromagnetic envi
ronment provided by the leads presents an impedance of tee of the vacuum

impedance, i.€?| 5 Zo = /5—(‘3 > 37T 0 < Gal. Thus, the quality factor is
Q < 1,i.e. the junction is at the plasma frequengy highly damped.

e Coulomb Blockade effects are irrelevant because the emwvient can charge the ca-
pacitance much faster than the Josephson current.

e The capacitanc€’ (figure[5.29 (b)) is very small, so that the first term in ecurati
can be neglected (resistively shunted junction (R&)!

e The noise source can be described with an effective tempefBl; originating from
perfectly randomized Nyquist noise in the resistor and thus obeys the relation
(Vioise(t) Vaoise (t')) = 2kpTeg Ry6(t — t'), whered(t) is here the delta distribution
and not the phase difference.

e The detected voltagg; is heavily damped so that the junction is in the adiabatid lim
and the dynamic of can be solved assuminig = (V).

The results in[[241] were calculated for break-junctionaripents in which the system
is usually driven in constant-current mode. For our needa ofainly constant-voltage
driven junction, the equations for the detected curiesmd voltage/; are slightly adapted
and result in:

(5.34)

Vi§) = Rj(I(E)—§). (5.35)

With the shorthand

£, (5.36)

3(x) as the imaginary part af, andZ, () as the modified Bessel function of first kind and
of the complex ordet taken ats.

7(...) has here the meaning of a time average.
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Figure 5.34: Simulated — V' curves for differentkf

+— values using the equatiohs 5.34
and[5.3b of the resistively shunted junction model.

Inthe limit E; < kpT.4 the equations5.34 afdbl35 can be reduced to the more simple
form [243,244]:
Vs

V?+ (XRkpTer)”

1
I(Vy) = 515 Ry (5.37)
which we have already introduced in section 49.6.1 (equdfi@d). Here, the use of this
approximation is not recommended because in our expersieng kpT.gq.

Figurd5.3% shows— V' curves calculated by using equati@ns®.34[and 5.35 forrdiite
kafH values. The_ criti_cal curreﬂb is pnly achieyed in the Iimi;ﬂfﬁ — o0, While the
maximal current diminishes rapidly with increasiiig.

This set of equations allows us to perform least-squaredited measured data when
including an additional currertt, 4 given by:

Lina(Vy) :{ ngOV" ’ Kj § Ezii (5.38)
to incorporate the detected second jump. While the fit wasstadile when letting the
position of Vj.,, also be a variable parameter, this value was fixed at the wabgosition,
while the remaining parameters were varied using a fittingime.

For each experimentally measured data poiit, ), the routine searches iteratively
¢ until V; (&) of equatio 235 corresponds to the junction voltage atpghiat and than
calculates/ (£). Performing this procedure for all data points, we get dated (V;, )
data for a set of parameters, which were than be optimizedaohr maximal agreement
with the experimental data.
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tunneling resistanc&

82+ 0.1kQ | 10.34+0.1kQ | 16.0 0.1 kQ
Iy (calc.) 287 £ 6 nA 229 £ 4 nA 148 + 3 nA
Inax (€XP.) 36.54+0.5NA | 26.5+0.5nA | 88+ 0.2nA
I, = %IO (calc.) 96 + 2 nA 76.5 £ 1.4nA | 49.3 £0.9 nA
I8 95.7 nA 76.2 NA 55 NA
E) = 51 (calc.) 197 £4 peV | 157 +£3 peV | 101 +2 pueVv
Eft = it 196.6 eV 156.5 peV 113 peV
eViump (EXP.) 197 £3 peV | 156 £5 peV | 110 & 10 peV
™ = 1R;'Gy! (calc.) 0.52 0.42 0.27
o (fit) 0.43 0.35 0.20
Ry (fit) 242 ) 246 245
T.g (fit) 1.2K 14K 2.0K

Table 5.2: Calculated data from the experimental settingk @arameters obtained by a
least-square fit of the superconducting-insulating-stgregucting/ — V' curves.

The results of the best fits for the experiments with junctiesistivities of Ry =
8.2 k2, 10.3 k2, and16 k2 are displayed as blue lines in the figures b[37.15.38[and 5.39
The best parameter set can be found in thble 5.2.

As already mentioned, the observed maximal supercutiignt is much smaller than
the I calculated with equatidn 5116. Even if we assume an incceeffective temperature
in our apparatus, the experimentally observed data anditaéned fit parameters can not
be brought to agree with each other. But when assuming tlgutittion contains three
identical tunneling channels which is in agreement to figgiim break-junction experiments
[221] and thus using a critical supercurrent/ff= %[0, the obtained parameter for the best
fit of Igt agrees very well with the calculatdgl. Additionally, the results of the fit foF g
and R agree with the model. As discussed abaig should be of the order of the vacuum
impedance %, ~ 377 2) which was the case{|| ~ 0.65 x Z). The effective temperature
Tog is with 1.2 — 2 K only slightly higher than the base temperature of the agparand

L — 9 — 3 which is quite acceptable compared

suggests an overall noise factorBf= -~
to similar measurements where the noise factor Was 3.5 [185].

Using I;, and calculatingE’; lead to a remarkable coincidence between the jump po-
sition and the Josephson energy. In the two measuremerttsawtiinneling resistance
Rr = 8.2k, and10.3 k) they agree with each other within an error 0f 1%, while
a difference of about0% is found in the measurement witR; = 16 k2, mainly due to
the difficulty to determine the exact position df,.,,. Remarkably, the error between both

values is reduced te 3% when using the fitted value df* to calculateE"".
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Figure 5.35: A Cooper pair which crosses the tunnel junctioan applied voltage emits a
photon of an energyiw = 2¢V (a). The same photon can induce a second transition of a
Cooper pair from the left to the right electrode (b).

While the underlying physical process stays unclear ana umow similar results were
to my knowledge never reported, we can only present some igleaut the origin of this
additional current and its sharp dropfaf. The following observations should be reflected:

e The presumably linear dependencelgf; on the junction voltage with a slope of
a =~ 7%, i. e. the additional channel acts like an ohmic channelllghta the junction
with a transmissivity of the same order as the major channel.

e The drop in current at junction voltagéd/;| > E;.

Self-induced tunneling

Since early measurements on superconducting tunnel gunscit has been known that
Cooper pairs which tunnel across a biased junction emitawiaves atv = 2eV;/h (figure
(a)) [191_1/9]. Additionally, it is well known and prew by several experiments that
an externally applied HF-field leads to Shapiro steps inlthel” curve due to microwave
induced tunnelind [188, 18P, 190]. Thus it might be possitiiat the observed extra current
is due to self-induced tunneling (see figlire .35 (b))

To be more precise, the applied junction voltdgeinduces an oscillation of the system
variables (the phase difference between the two superconductings$taesulting in an ac-
current with a frequency of the phase oscillation. Thisraliéng current is the source of an
emitted electromagnetic wave with the same frequency.dmtbdel outlined in figure 5,83
the average speed of the “particle” determines the photenggn Similar to the situation
given in a Laser device, the photon can now be absorbed bytiotign or stimulate the
coherent emission of a second photon [179]. The absorpfienphoton with an energy
of E = 2¢V results in a reduction of the current due to the tunneling Gfoaper pair
in opposite direction to the applied junction voltage; the “particle” in figurd 5.3B (b) is
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Figure 5.36: Schematic view of an asymmetric junction at ko&s. Supercurrent can not
only be transported over Andreev bound-states (dashes) Ime additionally by Andreev
scattering of electrons originating from continuum statesAs > E > —Aq (full lines).

moved by27 uphill, while the stimulated emission of a second photodsda an additional
dc-current which is superimposed to the current origimgfiom RSJ-model.

To get more incidents of stimulated emission than of absmpit is known that “pop-
ulation inversion” is a necessary condition, i. e. a greateupancy in the upper than in the
lower level of the system. In the experiments presented beeurrent! transports Cooper
pairs to the energetically higher left superconductor in§5.35, leading to a population
invertion.

At a junction voltageeV; > E; the photon energy is higher than the coupling energy
between both superconductors. Thus, we expect that theuparcnductors are no longer
firmly coupled and self-emission processes are inhibitaditey to the sharp drop if.q.

Andreev reflected continuum states

In sectiof 5. 1K the charge transport which leads to thersugent was discussed in terms
of Andreev bound-states. While faymmetricjunctions a supercurrent &; ~ 0 can
only be transported via Andreev reflection processes betwezAndreev bound-states as
illustrated in figuré517, the situation asymmetrigunctions is different.

Figure[2.3b6 sketches the possible transports in a tunnetigmwith Ay, < A;. Not
only reflection processes into Andreev bound-states dnn&rito the overall current but
additionally quasiparticles originating from occupie@tets between the energy interval
—A; < F < —A, which are reflected at the boundary can lead to an non nelgligib
current contribution[[245, 246, 247].

Unfortunately, this additional channel closes for voldggher than the difference
between the two superconducting gaps, i.de®ly| = Az — A;. Nevertheless, it cannot
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be completely ruled out that the gap in the microcrystal geanfor different tunneling
resistances and that it is only by coincidence that the mipappears at approximatively
Ej.

Interestingly, break-junction measurements have so faemeported similar jumps.
Break-junctions are usually driven by applying a constantent to the junction and record-
ing the junction voltage in a four-terminal measurementfigomation to eliminate errors
due to the voltage drop along the wiring. During the risingent sweep{; = 0 — +1)
and after exceeding the maximal supercurrent the systemgdirom almost zero voltage to
a point relatively far on the dissipative branch (see fiuBb At opposite sweep direction
(I; = £1 — 0) an increase in the current can principally not be deteclddis, the ob-
served jump af'; might be detectable in break-junctions when performingsueaments
in constant-voltage mode.

5.6.3 Summary

To summarize, the presentéd- VV measurements between two unequal superconductors
are in general well reproduced by the RSJ-model except isétond jump in the raw
data. While the first jump and the hysteresis originates fiteenexperimental setup which
lead to an unavoidable serial resistor, and thus to a no focg®@pletely voltage-driven
measurement, the second jump has a different origin whiaioisyet well understood.
Additionally, the RSJ-model only works well if it is assum#tht the junction contains
several transport channels in which the major channel hasarhissivity of exactlyt /3 of
the sum of all transmission coefficients.

While we cannot completely exclude that the observed sepang has its origin in
external sources of error not controlled by our experimert,want to state that we have
observed these jumps in all measurements when the junagistivity was set to suffi-
ciently low values with at least three differently prepasegherconducting tips.

Further investigations are recommended, because the jaeuosurprisingly at an
energy which is identified as the Josephson coupling engrgenergy which characterizes
the Josephson effect between both superconductors.

Evidently, the extra currenk,q (equatior’5.38) we introduced “ad hoc” is only a suf-
ficient approximation to describe the data as longbas>> kpT.g. Inthel — V curves
obtained at?r = 16 kQ (figure[5.39) where? ; ~ kgT.g this approximation is obviously
no longer a good one.
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Figure 5.37: Blow-up of the forward (circles) and backwatrihfigles)! — V' curves ob-

tained at a tunneling resistance ®f = 8200 2. The top panel shows the uncorrected raw

data in which two jumps are clearly visible. These two jumpsup at different bias volt-
agesV/p for the forward and backward sweep leading to hysteresjsslogfter correcting
the data using equatién5]25 to compensate the voltage drteserial resistanckg, the

spectra shown in the lower panel are obtained. Here, th@uirgi can be explained by the
load line of the voltage source, while the origin of the setpmp which occurs approxi-

mately at the Josephson enetfy stays unclear. The data can reproduced with a fit using

the RSJ-model (dashed line) plus an additional linear tenesiypmably due to stimulated
tunneling which abruptly stops & ; (full line). For details see text.
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Figure 5.38: Same graphic as in figlire$.37 but for a juncimistivity of R = 10.3 k2.
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Figure 5.39: Same graphic as in figlire $.37 but for a junctsistivity of R = 16.0 k2.
The jumps and the hysteresis loop are only faintly visible tiuan effective temperature
higher than the Josephson coupling eneigyIi.g > E;). For details, see text.
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